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ABOUT GOAL AND THEME

PLEA Association is an organization engaged 
in a worldwide discourse on sustainable ar-
chitecture and urban design through annual 
international conferences, workshops and 
publications. It has created a community of 
several thousand professionals, academics 
and students from over 40 countries. Partici-
pation in PLEA activities is open to all whose 
work deals with architecture and the built en-
vironment, who share our objectives and who 
attend PLEA events. 

PLEA stands for “Passive and Low Energy 
Architecture”, a commitment to the develop-
ment, documentation and diffusion of the 
principles of bioclimatic design and the ap-
plication of natural and innovative techniques 
for sustainable architecture and urban de-
sign. 

PLEA serves as an open, international, inter-
disciplinary forum to promote high quality 
research, practice and education in environ-
mentally sustainable design.

PLEA is an autonomous, non-profit associa-
tion of individuals sharing the art, science, 
planning and design of the built environment.

PLEA pursues its objectives through interna-
tional conferences and workshops; expert 
group meetings and consultancies; scientific 
and technical publications; and architectural 
competitions and exhibitions.

Since 1982 PLEA has been organizing highly 
ranked conferences that attract both academ-
ia and practicing architects. Past Conferences 
have taken place in the United States, Europe, 
South America, Asia, Africa and Australia.   

After almost a decade the PLEA conference 
is coming back to South America, Santiago 
(Chile),  to be organized by the Pontifical 
Catholic University of Chile (PUC). Inevitably, 

the theme of PLEA 2022 is inspired by the 
current pandemic which has put the whole 
world on alert and makes us rethink our built 
environment in terms of health and safety. 
Whereas due to its current social unrest and 
significant social divide Santiago and South 
America in general provides a great ground 
to talk about inequalities and revisit social 
movements, that spanned around the globe 
from Lebanon, France to Chile and other 
countries just before the pandemic hit.

The aim of the PLEA 2022 is to question the 
whole idea of a city, the way we inhabit and 
use them generating the definitive inflection 
point that a sustainable city requires.

For decades, the climate crisis has been de-
manding our action and commitment. Nu-
merous efforts to reach an international con-
sensus via climate summits, such as COP25, 
and Paris Agreement have not had any ex-
pected results yet. However, even though 
the COVID-19 pandemic has intensified the 
sense of urgency, many talks about climate 
change were put on hold during 2020, when 
the new virus put the world on alert. 

In no time it has become a global issue and 
provoked various reactions from political 
leaders around the world—from absolute 
denial to the harshest restrictions—adjusting 
and learning in the process by trial and error. 

This process has not been easy as COVID-19 
highlighted critical deficiencies in our built 
environment and urban design. Even though 
infections battered affluent areas too, the pan-
demic hit the hardest when the virus reached 
sectors with high rates of poverty. Dense 
neighborhoods and overcrowded buildings 
could facilitate the rapid spread of infections 
due to the difficulty of generating social dis-
tancing and the application of extensive quar-
antines. 

Yet, various changes have been adopted 
rapidly. Hygiene protocols, wearing masks, 
social distancing and other strategies has 
become part of our ordinary life. On top of 
that, the use of public spaces, streets, parks, 
homes and all buildings had to be adjusted 
to control the spread of the virus transform-
ing our habits and conception of them. Nu-
merous studies showed great variations in the 
use of transportation during the pandemic 
too. But the questions are: are those changes 
here to stay? What does the future hold for 
our built environments?

Some even go as far as to question: Will cit-
ies survive? While many intellectuals and ac-

ademics call for the end of cities (at least as 
we know them), some stakeholders urge to 
return to normality, or so-called status quo. 

Is this the last opportunity to effectively build 
a healthy, livable and equitable city? It is clear 
that cities can no longer be conceived as be-
fore and it is time to question the way we in-
habit and use them. What are the standards, 
mechanisms and criteria to define a sustain-
able city and building? Do they respond to 
the problems and deficiencies in the age of 
emergency? History shows us how cities re-
acted to and changed after health crises sim-
ilar to COVID-19; this is the time to question 
everything around us and strive for environ-
mentally sustainable and socially just cities. 

The aim of PLEA 2022 is to be a relevant part 
of the discussion and bring about proposals 
to the developing and developed world. It is 
a great chance to talk about the changes that 
affected cities around the globe since the 
start of the pandemic and bring the scientific 
knowledge generated in this short time to the 
discussion. 

Social inequality should also be a part of the 
debate as both health and climate emergen-
cies may further increase the injustice and, at 
the same time, the inequality may make such 
crises worse. Latin America, as the most un-
equal region, and Chilean case might serve 
as a great example of such issues and could 
become a source of inspiration to find the de-
finitive inflection point that a truly sustainable 
city requires.
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WELCOME TO SANTIAGO DE CHILE WILL CITIES SURVIVE?: TRACKS

1. Sustainable Urban Development
–  Regenerative Design for Healthy and Re-
silient Cities
– Sustainable Communities, Culture and So-
ciety
– Low Carbon Neutral Neighbourhoods, 
Districts and Cities
– Urban Climate and Outdoor Comfort
– Green Infrastructure
– Urban Design and Adaptation to Climate 
Change

2. Sustainable Architectural Design
– Resources and Passive Strategies
– Regenerative Design
– Energy Efficient Buildings
– Net-zero Energy and Carbon-neutrality in 
New and Existing Buildings
– Vernacular and Heritage Retrofit
– Building Design and Adaptation to Climate 
Change

3. Architecture for Health and Well-being
– Comfort, IAQ & Delight
– Thermal Comfort in Extreme Climates
– IAQ and Health in Times of Covid-19
– Comfort in Public Spaces

 
4. Sustainable Buildings and Technology
– Renewable Energy Technologies
– Energy Efficient Heating and Cooling Sys-
tems
– Low Embodied Carbon Materials
– Circular Economy
– Nature-based Material Solutions
– Water Resource Management and Efficien-
cy

5. Analysis and Methods
– Simulation and Design Tools
– Building Performance Evaluation
– Surveying and Monitoring Methods
– User-building Interaction and Post-occu-
pancy Evaluation

6. Education and Training
– Architectural Training for Sustainability & 
Research
– Professional Development
– Sustainable Initiatives and Environmental 
Activism
– Methods and Educational Practices
– Strategies and Tools

7. Challenges for Developing countries
– Energy poverty
– The Informal City
– Climate Change Adaptation
– Affordable Construction and Architecture 
Strategies
– Urban Planning and Urban Design Policies 
for Sustainable Development
– Housing and urban Vulnerability

Dynamic and cosmopolitan Santiago is a vital 
and versatile city. Home to many events show-
casing the very best of Chilean culture, it also 
hosts superb international festivals of sound, 
flavor and color. The Chilean capital breathes 
new life into all its visitors!

The city’s diversity shines through in its many 
contrasting neighborhoods. Set out to ex-
plore the city streets and you’ll discover beau-
tiful and original art galleries, design shops 
and handicraft markets, as well as a great se-
lection of restaurants, bars and cafes. Night 
owls can enjoy a taste of lively Latino nightlife 
in hip Bellavista!

Visit downtown Santiago to get a real feel for 
the city. Learn more about the country in its 
many fine museums, or wander around the 
famous Central Market – a gourmet’s delight.

Fans of the great outdoors can head for the 
hills that surround the city and marvel at pano-
ramic views of Santiago with the magnificent 
Andes as a backdrop. Take the opportunity to 
grab a picnic and visit one of the city ś many 
parks.

In Chile there are places that have not seen 
a drop of rain in decades, while there are 
others where the rain brings out the green in 
the millenial forests.

This diversity captivates and surprises its visi-
tors. Because, as a consequence of its geog-
raphy, Chile has all the climates of the planet 
and the four seasons are well differentiated. 
The warmest season is between October and 
April and the coldest, from May to Septem-
ber.
The temperature in Chile drops down as you 

travel south. In the north, the heat of the day 
remains during the day while the nights are 
quite cold. The central area has more of a 
Mediterranean climate and the south has 
lower temperatures and recurring rainfall 
throughout the year.

The conference will be held at the Centro de 
Extensión de la Pontificia Universidad Católi-
ca de Chile, located at Avenida Libertador 
Bernardo O’Higgins 390, Santiago, Metro-
politan Region. Universidad Católica subway 
station, Line 1

The Center is located in the center of the city 
of Santiago, with excellent connectivity to the 
rest of the city and the most characteristic 
neighborhoods of the capital, either through 
the Metro network (Line 1) or other means of 
public transport such as Transantiago (Santia-
go’s public bus network).

To make your hotel reservations, we rec-
ommend looking in the Providencia or Las 
Condes districts, close to Metro Line 1. We 
also have some suggestions for accommoda-
tion close to the conference venue.
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CRISTINA
DORADOR

ADRIANA
ALLEN

Keynote speaker
CHILE

Keynote Speaker
ARGENTINA

Between July 2022 and July 2022 she 
served as a member of Chile’s constitu-
tional convention. She is currently back 
to teaching at the Universidad de Antofa-
gasta.

Chilean scientist, doctor and politician who 
conducts research in microbiology, microbi-
al ecology, limnology and geomicrobiology. 
She is also an associate professor in the De-
partment of Biotechnology of the Faculty of 
Marine Sciences and Natural Resources at 
the University of Antofagasta. From July 2021 
to July 2022 she served as a member of the 
Constitutional Convention representing Dis-
trict No. 3, which represents the Antofagasta 
Region.

Her achievements include the coordination in 
Chile of the Extreme Environments Network 
for the study of ecosystems in the geographic 
extremes of Chile and having developed bio-
technological tools to value the unique prop-
erties of some altiplanic 

microbial communities such as resistance 
to ultraviolet radiation to elaborate cosmetic 
creams, joining the field of cosmetic Biotech-
nology. She has also led application projects 

such as the development of textile material 
using the photoprotective properties of altip-
lanic bacteria.

She was a member of the transition council 
of the National Commission for Scientific and 
Technological Research in 2019 that gave 
rise to the National Agency for Research and 
Development of Chile, and has been recog-
nized nationally and internationally as one of 
the most relevant researchers in Chile.

Professor of Urban Sustainability and De-
velopment Planning at The Bartlett Devel-
opment Planning Unit (DPU), University 
College London and President of Habitat 
International Coalition (HIC).

Adriana has over 30 years of international 
experience in research, graduate teaching, 
advocacy and consulting in over 25 countries 
in the global South, she has specialized in 
the fields of development planning, socio-en-
vironmental justice and feminist political ecol-
ogy. 

She is currently President of Habitat Inter-
national Coalition (HIC), as well as a regu-
lar advisor to UN agencies, positions from 
which she is actively engaged in promoting 
urban justice through advocacy and policy 
evidence, social learning and fostering in-
ternational collaboration both within UCL 
and globally.Through the lens of risk, water 
and sanitation, land and housing, food and 
health, her work examines the interface be-
tween everyday city-making practices and 
planned interventions and their capacity to 
generate transformative social and environ-
mental relations.

Adopting a feminist political ecology per-

spective, her work combines qualitative, dig-
ital/mapping, and visual research methods 
to decolonize urban planning practices and 
elucidate the “cracks” in which transforma-
tive planning can be reinvented, nurtured, 
and pursued. Her work focuses on three 
interrelated themes: urban justice, everyday 
city-making, and transformative planning.
Over the years, she has worked at the in-
terface between insurgent practices and 
planned interventions and their capacity to 
generate socio-environmentally just cities. 

This work stems from her engagement with 
the analysis of governance approaches to 
address structural deficits at the interface 
between “policy-driven” and “needs-driven” 
approaches and emerging improvements at 
scale – in water and sanitation, as well as in 
other areas such as food security, land, hous-
ing and health. Since 2008, she has explored 
the intersection of urbanization and climate 
change, with a particular focus on the gener-
ation and distribution of risks, vulnerabilities 
and capacities for action in southern cities. A 
third strand of her research focuses on urban 
planning as a field of networked governance 
and pedagogical strategies to decolonize 
planning education and shape pathways for 
urban equality.
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ANACLAUDIA
ROSSBACH

GIANCARLO
MAZZANTI

Keynote speaker
BRAZIL

Keynote Speaker
ARGENTINA

Economist with a track record of more 
than 20 years working on the issues of 
slums, social housing and urban policy.

She is currently Director for Latin America 
and the Caribbean at the Lincoln Land Insti-
tute of Policy. She also serves as a member 
of the editorial board of Vivienda magazine 
of INFONAVIT – México. And previously she 
worked as a consultant on housing and urban 
development issues for the IDB (Inter-Ameri-
can Development Bank).

 She worked in the Prefecture of São Paulo, 
supporting the Brazilian Ministry of Cities in 
the design and implementation of the Brazil-
ian housing policy. She founded and served 
on the board of directors of the NGO INTER-
AÇÃO, which supported the development of 
high-impact projects in communities in the 
state of São Paulo and Recife.

As a senior consultant to the World Bank, 
she provided technical assistance for the 
development and implementation of Brazil-
ian housing policy and slum upgrading for 
10 years, including two major programs: 
the “PAC Favelas” slum upgrading and the 
“Minha Casa, Minha Vida” housing subsidy.

She acted as a senior specialist in social hous-
ing for the World Bank and other research 
and project organizations in Brazil and sev-
eral countries around the world such as the 
Philippines, China, India, South Africa and 
Mozambique, among others. 

She was Regional Manager for Latin Ameri-
ca and the Caribbean for the Cities of Alli-
ance Global Informality Program where the 
exchange of experiences and knowledge 
through different networks was consolidated 
and structured.

The main achievements in Latin America 
are the Urban Housing Practitioners Hub 
(UHPH), which brings together practitioners 
and networks working in the field of social 
housing. In the global south, multi-sectoral 
and disciplinary communities of practice on 
the theme of slum upgrading in the global 
south with emphasis on the countries: Mexi-
co, Guatemala, El Salvador, Paraguay, Brazil, 
South Africa and India.

Born in Barranquilla, a port city in north-
ern Colombia, Giancarlo Mazzanti is an 
architect graduated from Pontificia Uni-
versidad Javeriana with postgraduate 
studies in industrial design and architec-
ture in Florence, Italy. 

He has been a visiting professor at several 
Colombian universities, as well as at world-re-
nowned academic institutions such as Har-
vard, Columbia and Princeton, and is the first 
Colombian architect to have his works in the 
permanent collection of the Museum of Mod-
ern Art in New York (MoMA) and the Centre 
Pompidou in Paris. 

Giancarlo has more than 30 years of pro-
fessional experience and his studio, El Equi-
po Mazzanti has gained notoriety due to its 
design philosophy based on modules and 
systems, which generate flexible elements 
capable of growing and adapting over time, 
seeking an architecture that is closer to the 
idea of strategy than to a finite and closed 
composition. The idea of architecture as an 
operation was born from exploring the dif-
ferent forms of material and spatial organiza-
tion, considering concepts such as repetition, 
the indeterminate, the unfinished, instability, 

arrangement and patterns.

Equipo Mazzanti also stands out for its re-
search on play and its link to the world of 
architecture. It is precisely this interest in the 
play-architecture relationship that has led it to 
seek new collaborations with professionals 
from different areas of knowledge, finding 
new opportunities for cooperation and de-
veloping projects and exhibitions that have 
been presented throughout the world under 
the We play You play brand. 

Social values are at the core of Mazzanti’s 
architecture, who seeks to realize projects 
that give value to social transformations and 
build communities. He has dedicated his 
professional life to improving the quality of 
life through environmental design and to the 
idea of social equality. 

His work has become a reflection of the cur-
rent social changes occurring in Latin Amer-
ica and Colombia, demonstrating that good 
architecture manages to build new identities 
for cities, towns and inhabitants, transcend-
ing reputations of crime and poverty.
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CHAIR COMMITTEE INTERNATIONAL ADVISORY COMMITTEE

Waldo Bustamante
Mechanical Civil Engineer from the University 
of Chile. Master in Urban Development from 
the Pontifical Catholic University of Chile and 
PhD in Applied Sciences from Catholic Uni-
versity of Louvain, Belgium. Professor at the 
Faculty of Architecture, Design and Urban 
Studies from the Pontifical Catholic University 
of Chile. Director of the Centre for Sustaina-
ble Urban Development (CEDEUS).

Felipe Encinas
Architect from the Pontifical Catholic Univer-
sity of Chile. Master of Science from the Uni-
versity of Nottingham in the United Kingdom 
and a PhD in Architecture and Urbanism from 
the Catholic University of Louvain, Belgium. 
Academic Secretary at the Faculty of Archi-
tecture, Design and Urban Studies (FADEU). 
Researcher at the Centre for Sustainable Ur-
ban Development (CEDEUS) and Associate 
Professor at the School of Architecture in the 
Pontifical Catholic University of Chile.

Magdalena Vicuña
Architect from the Pontifical Catholic Univer-
sity of Chile. Master in Community Planning 
from the University of Maryland in the Unit-
ed States and PhD in Architecture and Urban 
Studies from the Pontifical Catholic University 
of Chile. Director of Research and Postgrad-
uate Studies at the Faculty of Architecture, 
Design and Urban Studies (FADEU). Asso-
ciate Professor at the Institute of Urban and 
Territorial Studies and Associate Researcher 
at CIGIDEN.

Alessandra R. Prata Shimomura
Universidade de São Paulo. BRASIL.

Carlos  Javier Esparza López
Universidad de Colima. MÉXICO.

Edward Ng
Chinese University of Hong Kong. HONG 
KONG.

Heide Schuster
BLAUSTUDIO. GERMANY.

Jadille Baza
Presidenta del Colegio de Arquitectos de 
Chile. CHILE.

Joana Carla Soares Goncalves
Architectural Association School of Archi-
tecture, UK. University of Westminster, UK. 
Bartlet School of Architecture, UCL, UK.

Jorge Rodríguez Álvarez
Universidade da Coruña, ESPAÑA.

Juan Carlos Muñoz
Ministro de Transporte y Telecomunica-
ciones. CHILE.

Luis Edo Bresciani Lecannelier
Pontificia Universidad Católica de Chile. 
CHILE.

Luis Fuentes Arce
Pontificia Universidad Católica de Chile. 
CHILE.

Mario Ubilla Sanz
Pontificia Universidad Católica de Chile. 
CHILE.

Pablo La Roche
Cal. Poly Pomona / CallisonRTKL Inc. USA.

Paula Cadima
Architectural Association Graduate School. 
UNITED KINGDOM.

Rajat Gupta
Oxford Brookes University. UNITED KING-
DOM.

Rodrigo Ramirez  
Pontificia Universidad Católica de Chile. 
CHILE.

Sanda Lenzholzer
Wageningen University. THE NETHER-
LANDS.

Sergio Baeriswyl
Presidente del Consejo Nacional de Desar-
rollo Urbano. CHILE.

Simos Yannas
Architectural Association Graduate School. 
UNITED KINGDOM.

Susana Biondi Antúnez de Mayolo   
Pontificia Universidad Católica de Perú. 
PERÚ.

Ulrike Passe
Iowa State University. USA.
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LOCAL ORGANISING COMMITTEE

María José Molina
Commercial Engineer from the Pontifical 
Catholic University of Chile. Master in Local 
and Regional Development from the Institute 
of Social Studies of Erasmus University Rot-
terdam, The Netherlands. Executive Director 
of the Centre for Sustainable Urban Develop-
ment (CEDEUS).

María Isabel Rivera
Architect from the University of Concepcion. 
Master of Architecture from the University of 
Washington, USA. PhD in Architecture from 
the University of Oregon. Researcher of the 
Centre for Sustainable Urban Development 
(CEDEUS) and Assistant Professor of the De-
partment of Architecture, University of Con-
cepcion.

José Guerra
Architect from the Catholic University of the 
North. PhD in Architecture, Energy and En-
vironment from the Polytechnic University of 
Catalonia. Director of the School of Architec-
ture from the Catholic University of the North. 
Director of the Research Center for Architec-
ture, Energy and Sustainability (CIAES) at the 
Catholic University of the North.

Maureen Trebilcock
Architect from the University of Bio Bio. Mas-
ter of Arts in Green Architecture and PhD 
from the University of Nottingham.  Director 
of the PhD program in Architecture and Ur-
banism at the University of Bio Bio.

Sergio Vera
Civil Engineer from the Pontifical Catholic 
University of Chile. PhD from Concordia 
University and Master of Science, Pontifical 
Catholic University of Chile. Director of the In-
terdisciplinary Center for the Productivity and 
Sustainable Construction (CIPYCS). Assistant 
Professor and Director of the Department of 
Engineering and Construction Management 
at the Pontifical Catholic University of Chile.

Nina Hormazábal
Architect from the University of Washington. 
Master of Architecture from the University of 
California, Berkeley. PhD in POE and Ener-
gy Efficiency in Housing from the University 
of Nottingham. Professor and Researcher of 
the Laboratory of the Bioclimatic Area in the 
Department of Architecture of the Federico 
Santa María Technical University.

M. Beatriz Piderit
Architect from the University of Bio-Bio. Mas-
ter in Applied Sciences and PhD from the 
Catholic University of Louvain, Belgium. As-
sociate Professor and researcher at the Facul-
ty of Architecture of the University of Bio-Bio. 
Researcher of the research group in “Envi-
ronmental Comfort and Energy Poverty” of 
the University of Bio-Bio.

Massimo Palme
Materials Engineer from the University of Tri-
este. Master in Geographical Information Sys-
tems from MappingGIS. PhD in Architecture, 
Energy and Environment from the Polytech-
nic University of Catalonia. Professor at the 
Department of Architecture of the Federico 
Santa María Technical University.

Claudio Carrasco
Architect from the Universidad de Valparaiso. 
PhD in Architecture, Energy and Environment 
from the Polytechnic University of Catalonia. 
Master in Geographical Information Systems 
from MappingGIS. Professor at the Depart-
ment of Architecture of the Federico Santa 
María Technical University. Professor and Re-
searcher of the Civil Construction School and 
the City Science Laboratory (CSLab) at the 
Faculty of Engineering of the Universidad de 
Valparaiso, Chile. Associate Research of the 
Climate Action Center (CAC) of the Pontifical 
Catholic University of Valparaíso, Chile.
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SCIENTIFIC COMMITTEE

Khandaker Shabbir Ahmed
Bangladesh University of Engineering & 
Technology. BANGLADESH.

Noelia Alchapar
CONICET Mendoza. ARGENTINA.

Fazia Ali-Toudert
Ecole Nationale d’Architecture Paris Val de 
Seine. FRANCE.

Hector Altamirano
University College of London. UNITED 
KINGDOM

Sergio Altomonte
Université Catholique de Louvain. BELGIUM.

Servando Álvarez
Universidad de Sevilla. SPAIN.

Mohammad Arif Kamal
Aligarh Muslim University. INDIA.

Shady Attia
University of Liege. BELGIUM.

Julieta Balter
CONICET Mendoza. ARGENTINA.

Gustavo Barea Paci
CONICET Mendoza. ARGENTINA.

Jonathan Bean
University of Arizona. USA.

Susana Biondi
Pontificia Universidad Católica del Perú. 
PERÚ.

Philomena Bluyssen
TU Delft. HOLLAND.

Denis Bruneau
ENSAP Bordeaux. FRANCE.

Vincent Buhagiar
University of Malta. MALTA.

Victor Bunster
Monash University. AUSTRALIA.

Waldo Bustamante
Pontificia Universidad Católica de Chile. 
CHILE.

Paula Cadima
Architectural Association. UNITED KING-
DOM

Isaac Guedi Capeluto
Technion – Israel Institute of Technology. 
ISRAEL.

Alexandre Carbonnel
Escuela Arquitectura. Universidad de Santia-
go. CHILE

Claudio Carrasco
Universidad Técnica Federico Santa María – 
Universidad de Valparaíso. CHILE 

Giacomo Chiesa
Politecnico di Torino. ITALY.

Helena Coch
Universitat Politècnica de Catalunya. SPAIN.

Florencia Collo
Atmos Lab. ARGENTINA.

Erica Correa Cantaloube
CONICET Mendoza. ARGENTINA.

Manuel Correia Guedes
University of Lisbon. PORTUGAL.

Robert Crawford
University of Melbourne. AUSTRALIA.

Marwa Dabaieh
Malmö University. SWEDEN.

Richard De Dear
University of Sydney. AUSTRALIA.

Silvia De Schiller
Universidad de Buenos Aires. ARGENTINA.

Claude Demers
Laval University, Québec. CANADA.

Samuel Domínguez
Universidad de Sevilla. SPAIN.

Denise Duarte
Universidade de São Paulo. BRAZIL.

Felipe Encinas
Pontificia Universidad Católica de Chile. 
CHILE 

Evyatar Erell
Ben Gurion University of the Negev. ISRAEL.

Carlos Esparza
University of Colima. MEXICO

Juan Carlos Etulain
Universidad Nacional de la Plata. ARGENTI-
NA.

Arnaud Evrard
Université Catholique de Louvain. BELGIUM.

Lone Feifer
Active House Alliance. CANADA.

Jesica Fernández-Agüera
Universidad de Sevilla. SPAIN.

Gilles Flamant
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CHILE.

Brian Ford
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Miguel Ángel Gálvez Huerta
Universidad Técnica Federico Santamaría. 
CHILE.

Carolina Ganem
CONICET Mendoza. ARGENTINA.

Rodrigo García
Universidad del Bío-Bío. CHILE.

José Roberto García Chávez
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Aritra Ghosh
University of Exeter. UNITED KINGDOM.

Mark Gilliott
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Pontificia Universidad Católica de Chile. 
CHILE.

Vanessa Gomes Silva
University of Campinas. BRAZIL.
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Margarita Greene
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José Guerra
Universidad Católica del Norte. CHILE.

Rajat Gupta
Oxford Brookes University. UNITED KING-
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Universidad de Sevilla. SPAIN.
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CHILE.
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Alison Kwok
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Mauricio Lama
Pontificia Universidad Católica de Chile. 
CHILE 
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International Development Ireland. IRE-
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Florian Lichtblau
Lichtblau Architects. GERMANY.

María Lopez de Asiain
Universidad de Las Palmas de Gran Canaria. 
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Sanyogita Manu
CEPT University. INDIA.

Leonardo Marques Monteiro
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Andrea Martinez
Universidad de Concepción. CHILE.
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Universidad de Los Andes. CHILE.
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Rafael Moya
Universidad de Concepción. CHILE.
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Emanuele Naboni
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Edward NG
The Chinese University of Hong Kong. 
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Pontificia Universidad Católica de Chile. 
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Massimo Palme
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Pablo Pastén
Pontificia Universidad Católica de Chile. 
CHILE.

Andrea Pattini
CONICET Mendoza. ARGENTINA.
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Universidad del Bío-Bío. CHILE.
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Politecnico di Torino. ITALY.

María Beatriz Piderit Moreno
Universidad del Bío-Bío. CHILE.

Eduardo Pimentel Pizarro
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Adrian Pitts
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DOM.

André Potvin
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Alessandra Prata Shimomura
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Jesús Pulido
University of Tokyo. JAPAN.

Rajan Rawal
CEPT University. INDIA.

Dana Raydan
Raydan Watkins Architects. UNITED KING-
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Alexandra Rempel
University of Oregon. USA.

María Isabel Rivera
Universidad de Concepción. CHILE.

Susan Roaf
Heriot-Watt University. SCOTLAND.

Lucelia Rodrigues
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Carolina Rodriguez
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Jorge Rodriguez
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Jean-François Roger-France
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SESSION 01
Sustainable Urban Development (1) | ANDES HALL | Chair Agnese Salvati

Modelling Resilient Construction through a Mixed-Use 
Development within an Urban Environment

Murray, Martin; Colclough, Shane; Griffiths, Philip

Water Sensitive Urban Design Systems Thermal Behavior 
II: Thermal Analysis of WUD’s Which Do Not Retain 
Water

Pérez Cambra, María del Mar; Martínez Santafé, 
María Dolors; Roca Cladera, Josep

Cooling Cities. Innovative Water-Based Cooling Systems 
in the Era of Urban Heat: Solutions For Outdoor Climate 
Adaptation

Moredia Valek, Adrian; Dessi, Valentina

Sky View Factor And Urban Heat Island Mapping. 
Applications In Barcelona

Salvati, Agnese; Casals, Jordi; Lopez Besora, Judit; 
Coch, Helena

1669

1329

1430

1458

S01 page 43

SESSION 02
Education and Training (1) | ANTARCTICA HALL | Chair Jonathan Bean

Climate Positive Innovation and Design: Graduate 
Education to Drive Change in the Built Environment

Bean, Jonathan Yorke

The Use of BIM Tools in E-learning for Architecture 
During the Covid-19 Pandemic. A Case Study at the 
University of Brasilia

Blumenschein, Raquel Naves; Muza, Pedro 
Henrique

The Mini Wind Lab Project: An interactive, numerical, 
physical wind simulation platform concept for teaching

Moya Castro, Rafael

A Shared Curriculum For Daylighting Education To Meet 
The Educational Needs Of Society

Gentile, Niko; Giuliani, Federica; Sarey Khanie, 
Mandana; Sokół, Natalia; Lo Verso, Valerio 
Roberto Maria; Caffaro, Federica; Kofod 
Pedersen, Mikkel;
Pompili, Federica; Mattsson, Pimkamol

1535

1351

1482

1627

S02

New Demand for Training In Energy Efficiency In The 
Built Environment - The Development Of New 
Postgraduate Programs In Latin America

Dub, Angela; de Schiller, Silvia; Evans, Jobn 
Martin; Guillén Gutiérrez, Guido

1655

page 69

Sustainable Attitudes Project: The University Acting in the 
Education and Popularization of News Energy-saving 
Lamp Technologies

Brandao, Helena Camara Lace1142

SESSION 03
Sustainable Architectural Design (1) | ATACAMA HALL | Chair Ulrike Passe

Adequacy of Weather Data Standards to Assess Building 
Passive Performance During Summer: An Application to 
French Buildings

Piñas Moya, Mc Joshua Miguel; Gobert, Robin; 
Alessandrini, Jean-Marie; Sabre, Maeva; Kraiem, 
Samy; Lefebvre, Gilles; Liu, Wei; Pelé, Charles

Optimization-based Design Of Insulating Cementitious 
Foams Combined With Phase Change Materials For 
NZEBs

Bre, Facundo; Caggiano, Antonio; Koenders, 
Eduardus A. B.

Catalogue of Urban Surface Finish Materials. Optimizing 
Solar Energy Management in Latin American Cities 
Located in Different Climatic Zones

Perez, Gloria; Medina-Lagrange, Orisell; 
Martin-Consuegra, Fernando; Alchapar, Noelia; 
Flores Sasso, Virginia; Martinez, Patricia; Pezzuto, 
Claudia; Prado, Luis; Alonso, Carmen; Arnsdorff, 
Max; Frutos, Borja; Guerrero, Ana; 
Martinez-Ramirez, Sagrario; Ojeda, Juan; 
Ruiz-Valero, Letzai

Automatic Mesh Generator For Urban Computational 
Fluid Dynamics Simulations

Gimenez, Juan Marcelo; Bre, Facundo

1392

1243

1469

1414

S03 page 103

SESSION 04
Architecture for Health and Well-being (1) | RAPA NUI HALL | Chair Maureen Trebilcock

Lighting Planning For A Resilient Urban Environment: 
Visual Comfort And Well-being In The City During The 
Night

Vital, Rebeka; Peretz, Hanan

Effect Of Window Glazing Colour And Transmittance On 
Human Visual Comfort

Jain, Sneha; Wienold, Jan; Andersen, Marilyne

Folk Memories And Temperature Measurements For 
Thermal Comfort in Vernacular Courtyard Houses Of 
Saudi Arabia ś Hot Arid Climate: Resident ś Memories 
Of Living In Al-Khabra Vernacular Mud Brick Houses

Alghafis, Mohammed Fahad; Sibley, Magda; Latif, 
Eshrar

Well-being In Office Spaces From The Occupants’ 
Perspective. A Qualitative Approach

Trebilcock-Kelly, Maureen; Soto-Muñoz, Jaime; 
Wegertseder-Martínez, Paulina; Ramírez-Vielma, 
Raúl

1346

1407

1145

1652

S04 page 129
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SESSION 05
Sustainable Architectural Design (2) | PATAGONIA HALL | Chair Felipe Encinas

S05 page 155

SESSION 06
Sustainable Urban Development (2) | ANDES HALL | Chair Margarita Greene

Vegetation as a Mitigation Strategy on Mediterranean 
Context: Outdoor Thermal Comfort From Simulated Data

Arriaga Osuna, Maria Fernanda; Martínez-Torres, 
Karen Estrella; Rincón-Martínez, Julio Cesar; 
González-Trevizo, Marcos Eduardo

Urban Materials For Thermally Liveable Madrid. A Digital 
Twin Strategy To Characterize Developments

Giancola, Emanuela; López, Helena; Soutullo, 
Silvia; Sánchez, Nuria; Gamarra, Ana; Herrera, 
Israel; Zarzalejo, Luis; Naboni, Emanuele

Evaluation of Thermal Performance of Urban Asphalt 
Pavements with Rubber Incorporation

Kowalski, Luiz Fernando; Amancio, Daiane 
Coragem; Viana, Juliana Fernandes; Silva, Felipe 
Pereira da; Teixeira, Ivonei; Masiero, Érico

1609

1476

1556

S06 page 187

Can different vegetation influence on outdoor thermal 
comfort by cycling routes in tropical savanna climates? 

Abreu-Harbich, Loyde Vieira de; Roriz, Júlia 
Wilson de Sá; Hora, Karala Emmanuela Ribeiro

1550

Evaluation of radiant Temperatures of Tree Canopies and 
their Effects on Close Surfaces

Garcia, Thiago dos Santos, Labaki, Lucila Chebel1357

How Much Does Your Building Weigh? An Exploration 
Into Different Early Design Stage LCA Workflows

Newmarch, Emily Ruth; Donn, Michael; Dowdell, 
David; Twose, Simon; Short, Fiona

1640

Courtyard As A Microclimate Modifier Of Buildings In 
Hot Climates. A parametric Study

Alqadi, Shireen Bader; Elnokaly, Amira; Kafafi, 
Ahmad; Irfayieh, Wala 

1417

Daylight Discomfort Glare In Home Workspaces: 
Influencing Factors And Adaptation

Buhagiar, Vincent; Psaila Diacono, Kimberley1608

Bioclimatic Residential Buildings Strategies for Tropical 
Savanna Climate, Brazil: Examples of Heritage Modernist 
Houses in Goiania

Abreu-Harbich, Loyde Vieira de; Araújo, Larissa 
Rodrigues; Hora, Karla Emmanuela Ribeiro

1507

A Technical and Energy Performance Approach for the 
Construction and Operation of the Zero-energy 
Renovation of a Residential Building in the Netherlands

Konstantinou, Thaleia; Boess, Stella1107

SESSION 07
Sustainable Buildings and Technology (1)  | ANTARCTICA HALL | Chair Susel Biondi

Integration Of Sustainability Tools And Building 
Information Modelling In The Early Stages Of Design

Berges Alvarez, Ileana; Muñoz Fierro, Jorge; 
Giraldi, Sebastian; Marín-Restrepo, Laura

Development of an Artificial Neural Network Prediction 
Model for Reducing Particulate Matter (pm2.5) in School 
Facility

Kim, Tae Won; Choi, Young Jae; Byun, Jae Yoon; 
Moon, Jin Woo

A Dynamic Feedforward Control Strategy for 
Energy-efficient Building System Operation

Chen, Xia; Cai, Xiaoye; Kümpel, Alexander; 
Müller, Dirk; Geyer, Philipp 

1397

1390

1166

S07 page 217

Energy Renovation Towards Net-Zero Carbon Emission 
Buildings: a case study in Sweden

Bernardo, Ricardo; Pizarro, Rafael1638

SESSION 08
Sustainable Architectural Design (3) | ATACAMA HALL | Chair Carolina Ganem

Potentials of Passive Housing Design in Emerging 
Countries with Mediterranean Climate: Latest Results and 
Design Recommendations for Central Chile

Mueller, Ernst

Passive Design Optimization Towards Nearly Zero Energy 
Buildings Requirements. Operational Performance of a 
Low Energy Office Building in Continental Semi-arid 
Climate.

D Amanzo, Micaela; Andreoni Trentacoste, 
Soledad Elisa; Montiel Zamorano, Virginia Gloria; 
Betman, Alicia; Ganem Karlen, Carolina

Net Zero Energy Buildings: Analysis of passive strategies 
for buildings retrofits in central-southern Chile

Valenzuela, Andrea Belen; Guiñez, Roxana 
Andrea; Bedoya, Daniel; Toledo, Romina Valentina

The Complex Challenge of Sustainable Architectural 
Design. Assessing Climate Change Impact on Passive 
Strategies and Buildings’ Opportunities for Adaptation. A 
case study.

Ganem Karlen, Carolina; Barea Paci, Gustavo 
Javier

1306

1493

1356

1323

S08 page 241

An Innovative Environmental Test Chamber for Testing 
Passive Cooling Prototypes: A New Methodology for 
Research and Pedagogical Applications

Al-Hassawi, Omar Dhia; Drake, David1260
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SESSION 09
Architecture for Health and Well-being (2) | RAPA NUI HALL | Chair Isabel Rivera

Humanizing Social Housing: A Case Study of Indoor 
Environmental Quality in San Pedro de la Costa, Chile

Rivera, Maria Isabel; de la Barrera, Francisco; 
Barraza, Camila; Durán, Carla; Pavez, Jorge; 
Martínez, Andrea

I Lived in a Passive House Building: Here's What I 
Learned. A Post-occupancy Evaluation Comparing Indoor 
Environmental Quality And Performance Between One 
Residential Unit Built To Passive House Standrards And 
Another Residential Unit Built To Conventional Standards

Shemesh, Sigal

Analysis Of Urban Thermal Behaviour In Hot Dry Climate 
In Relation To Its Vegetation Before And After The 
COVID-19 Pandemic

Grajeda-Rosado, Ruth Maria;  Vazquez-Torres, 
Claudia Erendira; Sotelo-Salas, Cristina

Neurourbanism: Analysis of Public Space of Small Town 
Peruíbe -SP

Oliveira, Halana Duart; Morelli, Denise Damas de 
Oliveira

Co-producing Healthy Communities: A Methodological 
Approach to Prevent Arbovirus Epidemics in a 
Brazilian Social Housing Neighbourhood

Garrefa, Fernando; Villa, Simone Barbosa; Bortoli, 
Karen Carrer Ruman de; Stevenson, Fionn; 
Vasconcellos, Paula Barcelos; Carvalho, Nathalia 
Lya de Melo 

1665

1471

1110

1663

1416

S09 page 275

SESSION 10
Analysis and Methods (1) | PATAGONIA HALL | Chair Vincent Buhagiar

Urban Vulnerability Assessment And Urban Planning 
Management To Urban Heat Islands in France: A 
Multicriteria Analysis

Techer, Magalie; Ait Haddou, Hassan; Aguejdad, 
Rahim 

The microclimate effects of urban green infrastructure 
under RCP 8.5 projection and plant vitality. Will plants 
be enough?

Yoshida, Daniel Felipe Outa; Shinzato, Paula; 
Duarte, Denise Helena Silva

Analysing the Effect of Cool and Green Roof Design 
Scenarios on Building Energy Loads and Air Temperature 
at Pedestrian Level in Hot Arid Climate

Elnabawi, Mohamed; Hamza, Neveen; Sedki, Ali

Fos Gis to Support Regenerative Design Processes in 
Urban Areas

Clementi, Matteo; Romano, Manuela; Rogora, 
Alessandro

Aerodynamic Analysis of Urban Blocks: Case Study in 
Open, Row  and Vertical Block

Girotti, Carolina; Nazareth, Samuel Bertrand Melo;
Shimomura, Alessandra R. Prata

1172

1585

1199

1468

1213

S10 page 307

SESSION 11
Sustainable Urban Development (3) | ANTARCTICA HALL | Chair Magdalena Vicuña

Mind the Gap: Bridging the Void between Energy Policy 
as Business and Social Policy as Equality.

Murray, Martin; Colclough, Shane; Griffiths, Philip

Hygrothermal Characterization Of Water-absorbing 
Granules: A Preliminary Experimental Study For The 
Development Of An Evaporative Cooling Façade Module

Görgen, Fabian; Rossi-Schwarzenbeck, Monica

Impact-Based Project Ideas for Sustainable Cities: The 
Case Of Digital Planning Tools In Piura, Peru

Fernandez, Trinidad; Schroeder, Stella

Where Public Space Meets Climate Change. Linking 
Urban Projects With Lisbon’s Metropolitan Adaptation 
Plan

Santos, João Rafael

1673

1434

1300

S11 page 339

1305

Targeting the Most Energy Vulnerable. Deprived 
Neighbourhoods at Risk of Winter Fuel Poverty and High 
Summer Urban Heat Island Intensity. A Study Case in 
Madrid (Spain)

Martin-Consuegra, Fernando; Núñez Peiró, 
Miguel; Alonso, Carmen; Sánchez-Guevara, 
Carmen; Pérez, Gloria; Arranz, Beatriz 

1309

SESSION 12
Challenges for Developing Countries (1) | RAPA NUI HALL | Chair Joana Goncalves

Symptomatic Urbanism: Analysing The Relationships 
Between Motorway Traffic And Health And Food

da Rocha, Emanuela Alves; Drach, Patricia Regina 
Chaves

Improving The Environmental Conditions Of Favela 
Homes Through A Participatory Process: With Reference 
to Case-studies In São Paulo And Rio De Janeiro

Soares Goncalves, Joana Carla; Paixao, Patricia; 
Shimomura, Alessandra R. P.; Pizarro, Eduardo P.; 
Curcio, Gustavo; Diegues, Gustavo

Microclimate Evaluation Method for Urban Planning in 
Legal Amazon Region

Sanches, João Carlos Machado; Domingos, 
Renata Mansuelo Alves; Guarda, Emeli Lalesca 
Aparecida; Assis, Eleonora Sad

Optimization Of A Social Housing Model In Brazil: The 
EPS Application To Reduce The Impact Of Climate 
Change On Buildings’ Thermal-Energy Performance

Cruz, Alexandre Santana; Bastos, Leopoldo Eurico 
Gonçalves; Besson, Axel

City Lab: Support Infrastructure Cardona Betancourt, Manuela; Aguirre Arango, 
Juan Camilo; Monroy Arango, Santiago; Velasquez 
Loaiza, Juanita Carolina; Gonzales Ceballos, Juan 
Carlos; Correa Vanegas, Gustavo

1543

1318

1363

1149

1513

S12 page 371

Daylight Priority In Apartment Room-Layout Design When 
Daylight Access Is Limited Due To Dense Urban Surroun-
dings: A Case From Dhaka City

Islam, Saiful; Uddin, Mohammed1433
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SESSION 13
Sustainable Buildings and Technology (2) | ANDES HALL | Chair Nina Hormazabal

Comparative Study Of Two Passive Cooling Systems: 
Indirect Evaporative Cooling Vs. Radiant-Capacitive 
Cooling

Gonzalez-Cruz, Eduardo Manuel; Krüger, Eduardo

Thermal Performance Of Ceramic Coatings Used On 
Vertical And Horizontal Surfaces

Castello, Ana Julia Pilon; Carvalho, Marcius Fabius 
Henriques; Pezzuto, Claudia Cotrim

Reversible Building Design: Viewing A Building As A 
Material Bank

Ossio, Felipe; D'Alençon, Renato; Rücker, Moritz; 
Ahumada, Matías

Characterization Of Native Macroalgae: "Pelillo" (Agaro-
phyton Chilense) And “Lamilla” (Ulva Lactuca) For The 
Development Of A Prototype Thermal Insulating Material

Rojas Herrera, Carlos Javier; Uribe De La Cruz, 
Claudio Marcelo; Cárdenas Ramírez, Juan Pablo

1221

1561

1421

S13 page 409

1661

SESSION 14
Sustainable Architectural Design (4) | ATACAMA HALL | Chair Chris Whitman

Adaptation of Passive Heating Strategies in the Peruvian 
Mesoandean Zone: Thermal Improvement In Social 
Housing

Pari Quispe, Diana Karen; Cronemberger Ribeiro 
Silva, Joára; Frederico e Silva, Caio

Thermal Performance of Traditional Courtyard Houses in 
Warm Humid climate. Case Study of Colima, Mexico.

Toris Guitron, Maria Gabriela; Esparza López, 
Carlos J.; Escobar del Pozo, Carlos

Hygrothermal Comfort In School Yard. A Case Study 
Leed In Rio De Janeiro

Pereira da Silva, Rita de Cassia; Nogueira de 
Vasconcellos, Virginia Maria

Replacement Infill Panels for Historic Timber-Framed 
Buildings: Measured and Simulated Hygrothermal 
Behaviour

Whitman, Christopher J.; Prizeman, Oriel; Walker, 
Pete; Rhee-Duverne, Soki; McCaig, Iain; Gervis, 
Nigel

1156

1224

1534

1165

S14 page 435

Hygrothermal Evaluation of an Indigenous Dwelling on 
the Andean Highlands: Evidence Of How Atacameño 
Architecture Can Achive Better Indor Thermal Standards 
Than Those Set By The Chilean Regulation And The 
Average Chilean Dwellings

Escobar Doren, Irene Paulina
 

1496

SESSION 15
Sustainable Architectural Design (5) | PATAGONIA HALL | Chair Florencia Collo

Innovative Transparent and Translucent Materials on 
Facades: Non-Visual Effects of Light

Walter Costa, Joao Francisco; David Amorim, 
Claudia Naves

Performance Analysis Of Side Lighting Systems In 
Commercial Buildings In Southern Brazil

Gabriel, Elaise; Zambonato, Bruna; Meller, 
Gabriela; Grigoletti, Giane

Green Facades and Its Shading Potential: the solar 
radiation attenuation promoted Promoted by Climber 
Species

Munoz, Luiza Sobhie; Fontes, Maria Solange 
Gurgel de Castro

Building-integrated Solar Technology: Learning From 
More Than 30 Years Of Experience With Solar Buildings 
(Examples From International Competitions)

Krippner, Roland; Flade, Fabian

1352

1112

1633

1139

S15

Application Case of a Bioinspired Approach: Ideation, 
Prototyping and Assessment of a Novel 
Thermo-responsive and Deployable Building Skin

Hubert, Tessa; Durand-Estebe, Baptiste; Dugué, 
Antoine; Vogt Wu, Tingting; Aujard, Fabienne; 
Bruneau, Denis

1111

page 467



PLEA
 STG

O
 2022: W

ILL C
ITIES SU

RV
IV

E?

PLEA
 STG

O
 2022: W

ILL C
ITIES SU

RV
IV

E?

30 31

SESSION 16
Challenges for Developing Countries (2) | RAPA NUI HALL | Chair Susel Biondi

Roadmap Towards Energy-Efficient Buildings at a City 
Perspective: Case Of Study Of Florianopolis, Brazil

Triana, Maria Andrea; Geraldi, Matheus Soares;
Melo, Ana Paula; Lamberts, Roberto

Participatory learning methods to improve energy 
efficiency in Chilean residential sector: Public programs 
to support self-management

Schueftan, Alejandra; Reyes, René; Aguilera, 
Florencia 

1136

1345

S16 page 499

Design Research Role in Supporting Net-Zero Buildings Moreno-Rangel, Alejandro; Tsekleves, Emmanuel; 
Young, Paul; Huenchuñir, Marcelo; Vazquez, Juan 
Manuel

1211

Factors That Promote the Offer of Green Financing for 
Real Estate Projects of High Energy Efficiency Housing

Palominos Gajardo, Paola Andrea; Marmolejo 
Duarte, Carlos Ramiro

1677

The Cost Of Rehabilitating A Historical Building: 
Application Of Roof Materials Alternatives Towards 
Thermal Comfort

Moon, Beatriz Se Keng; Gonçalves, Sara Breia; 
Barbosa, Sabrina Andrade

1245

SESSION 17
Sustainable Urban Development (4) | ANTARCTICA HALL | Chair Denise Duarte

How hot is your city design? Surface temperature 
portrait of São Paulo Metropolitan Region

Ferreira, Luciana Schwandner; Duarte, Denise 
Helena Silva

Urban Oasis For Adaptation To Climate Change: Analysis 
Of Climate Adaptation Plans (CAP) Around The World
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PLEA SANTIAGO 2022 
Wil l  C i ti es  Surv iv e?  

 

Modelling resilient construction through a mixed-use 
development within an urban environment 

 
 

 
ABSTRACT: The study is an investigation into what constitutes resilient construction in 2022, understood through 
the metrics of a mixed-use development within an urban environment. The context is the climate change 
emergency and the pressing need to successfully implement the ‘nearly’ Zero Energy Buildings (nZEB) policy 
across the EU construction industry. This policy in Ireland is still evolving however significant issues of 
performance definition and procurement have already been identified. The paper identifies a performance bonus 
to be achieved by expanding the nZEB Policy Platform to encompass an energy standard for urban areas which 
for new buildings is at least ‘energy-plus’. The benefits accruing include long life buildings, with an inbuilt 
flexibility of use and a demand side support for our power grids. To progress, energy use needs to be perceived 
as part of a larger system. The metrics of success need to change from calibrations of individual assets through a 
‘Building Energy Rating’, (BER) to a more expansive focus on reducing ‘Greenhouse Gas Emissions’, (GHG) at a 
neighbourhood and community level. This will require integration of our communities into an energy system 
reflecting ‘minimal entropy’, ‘closed loop resource allocation’ and clearly defined criteria for measuring same.  
 
KEYWORDS: nZEB, EU Policy, Resilient Construction, Community Energy, Energy-plus  

 
 

1. INTRODUCTION  
It is an undoubtable fact that significant change 

will be required if we are to successfully transition 
our energy system and reduce carbon emissions to 
zero between now and 2050. 

Transitions by their nature can be either 
distressing or energising, depending both on 
preparedness and establishing a clarity of response. 
This paper is concerned with both these necessities, 
through a consideration of how we need to build to 
express preparedness, and how we might bring 
community value to what we do, in order to clarify 
our response to both the energy transition and 
energy change. The paper is framed within the 
context of a mixed-use case study project, located 
in an Irish market town, which is currently in design 
development. The purpose of the case study is to 
establish a template development which through 
deliberate design, can be long serving, flexible in 
use and resilient to the coming energy use 
transformation.  

Resilience is commonly characterised by a 
robustness to deal with change or recover quickly 
from difficult circumstances. The premise of the 
case study is that resilience in energy terms, within 
Northern European countries starts with fabric, air 
tightness and controlled ventilation [1]. Resilience is 
also infectious, as an energy optimised 

development allows for a reduction in local energy 
use, can help to support local microgrids, expand 
and optimise energy boundaries and promote a 
culture of energy understanding which can 
encourage low carbon urban lifestyles. The energy-
plus project therefore aligns to a central theme of 
the PLEA 2022 conference which is consideration 
of the whole idea of a city, and the way by which 
we might inhabit and use them, thus generating an 
increased understanding of the need to live within 
the confines of planet earth, protect social 
equalities and reduce carbon emissions. In such a 
way the definitive inflection-point of what 
constitutes a sustainable city or urban environment 
might well emerge.  
        The theme of the project is also one of urban 
regeneration. In Ireland, like towns and villages 
throughout Europe, the traditional ‘main’ street and 
the multitude of buildings and uses that had 
evolved there, have slowly dissipated online or have 
been transplanted to car-friendly suburban 
locations. This commercial transformation made 
sense in the context of cheap and readily accessible 
fossil fuels, however as all activities now become 
reliant on renewable sources of energy, as we begin 
to consider our broader carbon budgets, both 
public and private, then this pattern of land use is 
open to reconsideration. The project therefore also 
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endeavours to model resilience construction from 
the point of view of the built heritage of our towns 
and villages and a revaluation of the embodied or 
‘up-front’ carbon intensity which they represent 
 
2. PROJECT DESCRIPTION 
        The development case study consists of a 
mixed-use, low-rise development of three campus-
style buildings (492m2) located on a 600m2 back-
lands urban site, located within an Irish country 
town. The research highlights the importance of 
such sites in the revitalisation of our towns and 
villages and as operational fulcrums around which 
the patterns of a low carbon lifestyle will mature. 
  
Figure 1: Aerial view of proposed case study. 
 

 
      
The site is located within an architectural 
conservation area (ACA) and has all the restrictions 
and challenges emblematic of such locations, 
including a strong architectural context, close 
proximity of adjacent structures, and restrictive 
town planning criteria. The three buildings have 
been designed to be flexible in both plan and 
section to facilitate research into the implications 
for fabric and building services of a long-life, loose 
fit design strategy, and the energy profiles and 
energy demands which such alternative future uses, 
(either as retail, offices or residential), might give 
rise to, (Fig 1).  
       The research aims to answer one specific 
overriding question however which is, to assess 
whether across a range of metrics, (such as primary 
energy use, IAQ, PV use, resource allocation, and 
utilizing materials of low embodied carbon, 
reflecting a circularity of supply), the current nearly 
zero energy standard (nZEB) as practiced in Ireland, 
is an adequately resilient methodology for 
modelling buildings required through to 2050.  
      The alternate is a significant step change in nZEB 
performance to reduce our GHG emissions in 
transition and reach zero emissions as soon as 
possible. The validity of the question and the 
context for its consideration lies within the myriad 
of challenges which the climate emergency has 

given rise to, such as impending time constraints, 
priority of resource allocation, potential social 
inequalities, and associated fuel poverty. All allied 
within the capacity limitations of our electrical 
power grid.  
      The context of a specific case study is useful in 
understanding such complex scenarios as it 
provides a useful fixed data set for understanding 
the wide variety of interdependence and criticality 
of relationship between the project variables. In 
such a way also the case study links academic 
research to project implementation, and the 
particularities of construction to an understanding 
of the power grid. The case study frames the data 
to be analysed. 
 
3. LITERATURE REVIEW AND CONTEXT 
There is an emerging body of academic literature 
which acknowledges that for a mild maritime 
temperate climate area such as Ireland, the 
availability of low carbon operational energy has 
been effectively solved by the approaching 
adequacy of decarbonised grid electricity. The 
academic literature increasingly identifies however 
that the parameter of constrain is no longer the low 
carbon operational energy itself, but rather the use 
of resources which embody carbon emissions and 
therefore need to reflect a circularity of use and 
reuse [2].  
 
Figure 2: Ratios of operation energy (carbon emissions) 
vs. whole life embodied carbon emissions. (Hone Energy)) 
 

 
        The reason for this is the obvious inverse 
relationship between low operational energy and 
the high volume of materials required to achieve 
that performance. Across a range of building types, 
it is noted that the operational emissions have 
begun to be dwarfed by the whole life embodied 
carbon emissions necessary to achieve such 
performance, (Fig 2). Concerns have always been 
expressed against the temptation to use high 
embodied carbon solutions to achieve low 
operational energy, driven by cost optimality and 
short term pay back criteria [3].  
       Obviously, such an approach is not optimal and 
defeats the very purpose of achieving long-term 
sustainable emission reductions. The long-term 
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view requires high embodied carbon insulating 
materials to be substituted by bio-based solutions 
which can be regeneratively grown. We do however 
need time to allow for a circularity of material 
supply to emerge not just for insulation but across 
all building materials. Therefore, the new buildings 
constructed now, need to create an ‘operational 
energy space’ within which these product supply 
lines can be established. Energy-plus projects are 
therefore of critical benefit within urban areas to 
support and supplement local grid capacity and 
support local micro grids as they might emerge. The 
case study project will analyse how energy use 
across a campus of buildings can combine not just 
an optimality of operational use with resource use 
but rather a resilience level of performance.  
 
4. RESILIENT CONSTRUCTION 
     The research intended is focused on achieving a 
net-zero energy campus. The research data will 
emanate from using a variety of energy standards 
principally, the ‘Domestic Energy Assessment 
Procedure’ (DEAP) and the ‘Non-Domestic Energy 
Assessment Procedure’ (NEAP) which are the 
national predictive performance softwares for nZEB, 
and the Passive House (PH), Planning Package 
(PHPP) analysis software. The intention is to 
compare the predictive and operational 
effectiveness of these standards.  
        All geographical locations are climatically 
unique and therefore the energy strategies for 
particular countries are unique. As the literatures 
make clear the rolling out of nZEB as an EU standard 
has had to overcome significant climate disparity 
across member states. [4] What is common to all 
countries, however, is the political distaste for 
bringing forward radical changes and therefore 
countries have been allowed to set their own 
standards based on cost optimality criteria within 
each member state. By aligning in this way with 
market values, it is inevitable that a policy 
intervention such as nZEB, becomes a captive victim 
of the prevailing economic and political culture that 
legislates downward. In turn this allows the 
marketplace to verify the validity of policy direction 
and determine the limited breath of its vision. 
      This is regrettable and it is in this respect that 
the nZEB legislation in Ireland is in 2022, 
questionable as to its fitness for purpose. It 
establishes no more than an asset value for 
buildings and creates a technological ‘solution’ for 
low energy buildings derived from what the market 
can sustain. However, as the literatures also 
indicate the resulting energy use within nZEB 
buildings has proven difficult to predict, data has 
been misleading and buildings represent potentially 
a greater use of resources, beyond any acceptable 

notion of optimality [5]. It thus creates an ideal 
scenario for widening inequalities as resources are 
loss and finances eroded.  
      It is clear from the literatures also, that a market 
driven economy by its nature can only define a 
problem by the parameters of its own value system. 
In the context of an ‘emergency’, a market 
dominated response which is focused on access to 
energy, cost, technology, and a lack of perceived 
value in community and manual labour, will 
inevitably fail to define the emergency cogently. 
This realisation also sets in place the question posed 
by De Masi et al (2021): Is the most energy efficient 
solution also the best one in term of environmental 
sustainability [6]. 
 
Figure 3: Ground floor plan of development. 
 

 
 
4.1 Beyond nZEB   
       That there is an urgent need to proceed beyond 
the current nZEB cost-optimality metrics and the 
limiting energy boundaries, to a more socially 
equitable solution is also emphasised by the 
definition established by the Institute for 
Sustainable Communities, for what the hallmarks of 
a sustainable community might be. Effectively: - “A 
sustainable community is one that is economically, 
environmentally, and socially healthy and resilient. 
It meets challenges through integrated solutions 
rather than through fragmented approaches that 
meet one of those goals at the expense of the 
others”, [7]. Sustainability through this lens is one of 
community, shared resources and enlarged energy 
boundaries.  
      The case study sits within these aspirations of 
balance, just as it sits also within the policy 
limitations of the nZEB strategy, as currently 
formulated and legislated for. However, the 
intention of the case study data is to indicate how a 
broader leadership nZEB standard would create a 
greater equality and optimality of energy use 
between supplier and user. In one sense this 
relationship between supplier and user is already 
happening through the roll out of smart metering 

 

which allows real time engagement between the 
energy user and the local supply grids.  
       A danger of course is that, just as happened 
previously with another Irish utility, (water), 
metering can be seen as a retrograde step, 
reflective of a strictly technological solution (with 
nefarious undertones of control), against what is 
first and foremost, a green transition. Whether such 
a green transition is directly solvable, by the 
technological attitude to energy management 
prevalent in neo-liberal societies, is fundamentally 
what is now under debate.  
 
4.2 Beyond technological solutions only. 
       Clarke and Sahin-Dikmen, (2020) [8] take up this 
theme in their consideration of an alternative 
labour-centred strategy as an antidote to a 
technical-driven green transition. Their research 
investigates trade union response to the green 
transition across four countries. Their research 
recognises and tabulates the vocational educational 
training (VET) required within the construction 
industry which would constitute a major 
transformation. Referencing Clarke et al (2019), 
Clarke and Sahin-Dikmen identify the fact that the 
construction industry across Europe, and in 
particular, in Anglo-Saxon countries, is burdened 
with long standing problems of vocational, 
educational and training expressed as skill 
shortages, insecure employment and fragmentation 
of the construction process, all prevalent aspects of 
the industry in Ireland.   
      Clarke and Sahin-Dikmen (2020) also identify the 
irony that exists between the social potential of a 
just green transition and the ecological modernising 
of an industry without concern for the quality of 
labour and employment involved nor for worker 
agency in shaping this transition. It is ironic that 
while UN climate change declarations are linked to 
inequality, the probability of this not translating 
into national programmes is as identified by 
Sweeney (2015) deeply problematic [9]. In this 
regard Clarke references Biernacki (1995), who 
within a deeply historic study usefully differentiated 
between ‘labour power’ and ‘embodied power’. To 
contemporise the distinction. The former is offered 
to be reflective of labour’s potential, while the 
latter is simply defined by cost optimality. The 
former requires social relationships and organising 
structures, the latter seems to reflect the (EU) 
vision of a change, instigated primarily through 
renewable technologies and energy efficiency 
measures only, lacking in an ambition to exploit the 
opportunity for vocational training and careers. It is 
an open question now, as to whether ecological 
ambition within the existing neo-liberal economic 
order can flourish; the physics of sustainability may 

add up, but if the political mood fails to capture the 
societal vision, little progress will be made other 
than progress that facilitates neo-liberal value 
extraction. 
 
5.0 RESILIENT CONSTRUCTION 
       The resilience of the proposed development is 
derived from an underlying belief in the certainty of 
the law of subsidiarity, commonly known as ‘small is 
beautiful’ [10]. Ironically it is also an underlying 
principle permeating through all EU laws. It is based 
on the principle of facilitating decision making and 
therefore independence at the lowest appropriate 
level of authority. In energy terms this reflects 
localised energy independence, derived in the first 
instance from renewable energy generation on site.  
 
5.1 Energy independence  
       The development has been designed to 
combine roof mounted PV use with optimal 
orientation. The electricity generated will be used 
to maximise self-absorption. This takes the form of 
battery storage, a shared electrical car scheme, 
heat pump operation and thermal stores.  However, 
the key to energy independence is optimising 
generation benefits by controlling waste at source. 
In this regard the construction utilises PH standards 
of fabric and air tightness to minimise heat loss.  
 
Table 1:  
Predictive annual solar array (160m2) output (kWh/yr)  
 

Month (kWh) Month (kWh) 
JAN 560 JULY 2,055 
FEB 935 AUG 2,616 

MAR 1,682 SEPT 1,682 
APR 2,429 OCT 934 
MAY 2,803 NOV 374 
JUN 2,429 DEC 187 

Note: Monthly comparison of the case study 160m2 of PV 
array output, across the year (reflecting optimum 
orientation and inclination resulting in an average output 
of 117 kWh/yr/m2). 
 
5.2 Use independence  
       The improved fabric performance creates a 
reduced variability of energy use within all the 
buildings, regardless of end use, all of which allows 
a more accurate understanding of overall energy 
use on the site. More importantly, such ‘energy 
loose fit’ will allow a variety of different uses to 
occur within the buildings in the years ahead.   
       In this context the research wishes to identify if 
an operational energy ‘sweet spot’ exists which 
could underpin an Urban Energy Metric (UEM). 
Such an optimality would facilitate the optimal 
development of inner town and village sites; would 
help to define our future understanding of primary 
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energy, its primary energy factor and what use 
profile it reflects. Not only is primary energy not 
defined rigorously across standards, (PH for 
example includes plug loads while nZEB does not, 
PH allows for 24-hour temperature comfort while 
nZEB is defined by specified periods of occupancy 
only and internal temperatures), it also requires 
redefining now as the primary energy factor of the 
electrical grid reduces toward ‘one’, to reflect 100% 
renewables.  
 
Table 2: A comparison of the predictive energy use across 
a range of different end uses, set against yearly PV energy 
production. The energy use is derived from benchmarks 
only and are based on common energy use estimates for 
different building types derived from overheating criteria. 

 
Note: (*PH = Passivehouse) (**120kWh/m2/yr = Pre-2015 
‘Classic’ PH Primary Energy Use Definition. 1: - Reflecting 
office use at 150kWh/m2. 2: - PER: Reflecting altered 
Post-2015 Primary Energy Renewable calculation as per 
PH. 3: - PV % per unit generated, indicating units 3, 5 and 
6 would qualify as PH premium standard unit, (subject to 
full modelling).  
 
        In Table 2 above, in order to maintain definition 
alignment in a general way between nZEB and PH, 
the old primary energy for the pre-2015 ‘Classic’ PH 
is referenced, which is 120kWh/m2/yr. This has, 
since 2015, been revised into a PER metric which 
equates to an energy use of 60kWh/m2/yr. This is 
the Primary Energy Renewable (PER) definition of 
Primary Energy now used by PH, to reflect changing 
primary energy factors and the transitioning of the 
power grid to becoming carbon neutral [11]. 
        In the circumstances of a carbon neutral power 
grid, no cost optimality assessment could justify any 
renewable energy interventions, unless the criteria 
were altered, and the demand side of the grid is 
modelled to reflect the benefit it can bring. The 
functional (comfort and economic) criteria for 
Passive House are a very good starting point for a 
completely renewable worldwide energy supply.  
 
5.3 The building use profile  
Buildings designed and constructed now must meet 
the energy performance needs of 2050 regarding 
zero carbon. A response to resource depletion 
would require that buildings be capable of easy 
transformation to different uses over their lives 
thus maximising their ongoing utility. New design 
therefore needs to deliver buildings with an inbuilt 
flexibility of use and reuse, to ensure long life and 

access to sustainable energy. Where such design 
strategies are grafted unto urban areas, including 
our existing towns and villages, then these buildings 
take on the added potentiality of an urban energy 
leader, compensating in some situations for 
heritage buildings that may never achieve a viable 
energy standard to facilitate either comfort or 
economic use. This necessitates that the planning 
process itself recognises these design needs within 
its development plans, to promote buildings with 
energy credentials that have the potential to 
support the effective and balanced operation of 
community energy, either through the local power 
grid or district heating. 
         With the nZEB strategy in Ireland focused on 
individual buildings achieving energy labels in a cost 
optimal way, (with accompanying performance 
gaps), then our towns and cities will become 
submerged in power hungry heat pumps, an 
exponential growth in EV charging, and an 
increasing internet driven plug load; all matters not 
yet extrapolated through to their impending effect 
on our power grid environment and the cash 
strapped occupants of these nZEB buildings.  
        New developments such as the case study may, 
if designed with energy in mind, facilitate solutions 
to these emerging energy realities. Despite 
significant climatic variation across the European 
Union (EU), the nZEB implementation has helped in 
promoting a unified approach to tackling a 
reduction in operational energy. However, the 
increased central role of resource utilisation 
suggests that our new nZEB buildings must be 
geared toward the creation of optimal performing 
flexible buildings both to justify their use of 
resources and ensure that their future carbon 
profiles will meet 2050 standards directly or be 
intrinsically ready to do so without significant 
modification.  
       Table 3 below indicates a variety of energy use 
profiles across the six units using nZEB benchmark 
energy profiles to reflect the operational energy. It 
is notable that the nZEB profile allows a 600% 
differential across the site with the lowest energy 
use reflecting residential use. It is notable also that 
in the UK there is an active reconsideration of 
commercial uses (as defined by planning), to a more 
explicit definition of building types, according to 
their energy need for space and water heating. 
Undoubtably this strategy brings closer the concept 
of a shared typology between dwellings and small 
non-dwelling buildings and suggests that in line 
with this research the energy line of differentiation 
between such buildings in an urban setting is 
becoming increasingly vague. It is noted also that 
since the emergence of Covid, IAQ as a building 
metric now transcends building use. Commonly 

 

used in regard to commercial buildings only, it is 
now considered critical in domestic settings, and so 
our buildings of the future will require careful, 
ventilation in accordance with more advanced 
energy standards beyond nZEB, such as Passivhaus. 
  
Table 3: 
A comparison of the predictive energy use across all units 
reflecting a two potential end uses. The monthly energy 
use can vary by over 500% depending of end uses. 
 

 
 
6. CONCLUSION 
       Given the uncertainties emerging in regard to 
embodied carbon costs as raised by Rovers (2019) 
[12], the potential of ‘business as usual’ (BAU) 
solutions to create technologies and materials 
masquerading as positive contributions to energy 
conservation whilst creating negative emissions is 
not to be overlooked. BAU always reflects the 
priorities of big business as noted by Morningstar, 
(2019). To invest in BAU technologies and energy 
generation might well be perceived as ‘value-added’ 
by definition, but could be more accurately defined 
as ‘value-extraction’, in the context of carbon use.  
       These are all important considerations given the 
global nature of climate change. Smil (2017), (Pg. 
386), [13] identifies how commodities have become 
absolute identities dominated by a small number of 
controlling companies. Therefore, by delaying our 
response to climate change we have in fact created 
the ideal scenarios for ‘rent-taking’ as defined by 
Christophers (2020) [14]. Any problem that if 
tackled early, and with long term aims would have 
been one of value creation, in the hands of private 
agencies with time constraints, it unfortunately 
becomes an opportunity of value extraction. The 
case study proposed and analysed, wishes to set a 
standard that can be both equitable in energy use 
and reflective of energy use as a ‘commons’ good.  
       By addressing whether this changed 
relationship is conducive to aligning energy and 
social policy, the project also reflects a central 
theme of the PLEA 2022 conference, which is 
to question whether energy-equality and social-
equality can be aligned in a world of diminishing 
resources, commercial imbalances, and 
technological driven solutions. The emerging 
analysis is as yet lacking in such detail as to render it 
fit for interpretation. However, the overwhelming 

impetus shows that a campus of buildings sharing 
energy has the potential to significantly minimise 
general demand through improved fabric, thus 
reducing peak demand, heat pump combined with 
optimised PV generation and battery storage 
allowing a meaningful sharing of surplus energy 
generation across campus buildings and electrical 
vehicle (EV) usage.  
          Such developments can in urban design terms  
be ‘greater than the sum of their parts’, supporting 
localised electrical power grids, and localised low 
carbon lifestyles, and creating energy resilience as 
our towns and villages transition to a zero emissions 
future. 
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ABSTRACT: There is a global trend to urbanize with Water Sensitive Urban Design systems. WSUDs try to 
integrate the urban water cycle in the urban design to improve the environmental behavior in the urbanization 
of the cities. Focusing on thermal behaviour and climate change effects mitigation, the question is: can WSUDs 
improve the environmental behavior of the cities while water cycle recovering through WSUDs? Some 
conclusions were exposed in CTV’18 related to thermal behavior of WSUDs with a high specific heat due to their 
water retention; however, this is not always the case. There are other parameters which explain thermal 
behavior for those WSUDs without the possibility to retain water where a high specific heat doesn’t exist. New 
measurements have been done during 2021 to go deeper into the parameters that affect thermal behavior of 
that second group of WSUDs such as: green and building shades, albedo, granulometry, and calculations related 
to thermal inertia have been done to compare those parameters and see how they can affect to WSUDs thermal 
behavior. Thus, this communication will expose these results and stablish a conclusion on how these parameters 
can improve thermal behavior to reduce surface temperatures and mitigate this effect of climate change. 
KEYWORDS:  WSUDs, thermal surface, climate change, thermal comfort, landscape. 
 
 

1. INTRODUCTION  
      Population growth is increasing in urban areas 
and traditional drainage and supply systems fall 
short for this new situation. Besides, climate change 
brings floods and water scarcity worldwide. In this 
context WSUDs are implemented to mitigate these 
climate change effects. 
    However, when we use WSUDs we might be 
increasing surface temperatures if we don’t stablish 
selection criteria regarding climate comfort. 

The subject matter of this paper is “sustainable 
urban development” and its aim is to stablish the 
parameters which can mostly affect surface 
temperature materials. 

This communication is part of a broader 
research which first part was published in a 
previous congress: CTV’18 (International 
Conference Virtual City and Territory). [1]. 
      Data exposed in CTV’18, which were collected 
during two years and a half (from July 2016 to 
December 2018) was focused on WSUDs which 
could retain water. The cause is that while 
researching we could check that thermal surfaces 
which could retain water usually had a lower 
temperature in the hottest hours of the day than 
the environmental temperatures.  
      What happens then with surface temperatures 
amongst all WSUDs which could not retain water? 
I.e.: all those which need a moderate or fast 
percolation of rainwater runoff and its 
granulometry has a permeability coefficient above 

10-9 m/s according to the FAO permeability 
coefficients table[2]. Systems with these materials 
are efficient in decreasing runoff and floods; 
however, as they infiltrate water with a certain 
speed there are other parameters different from 
specific heat which influence in thermal comfort.      
     In 2018 research a lot of questions arose and 
remained up today. Thus, how can influence other 
parameters such as: thermal inertia, shades effect, 
granulometry or albedo in surface temperatures? 
 
2. METHODOLOGY AND MATERIALS: 
     To answer to these questions this 
communication brings new measurements and 
calculations. 
      The methodology has been in situ 
measurements of five different parameters of 
construction systems which are part of an existing 
WSUD in Barcelona or materials that can take part 
of  WSUDs (such as infiltration basins, french drains, 
retention basins, etc…). These parameters are: 
surface temperatures with a thermal camera, wind 
speed with an anemometer, relative humidity with 
a hygrometer and the albedo with a lux meter. 
Thermal inertia will be derived through calculations. 
     Data were collected in Barcelona in three 
different sites and two days without 24-hour 
previous rain (named as “dry days”), as water 
retention is not part of this research. Barcelona is a 
Csa area according to the Köppen-Geiger Climate 
Classification map.  

 

     The first two sites are two parks built  by 
Bagursa, and were measured in the same day: 
      1.Can Cortada:  41°26'04.0"N 2°09'04.7"E 
      2.Cristóbal de Moura:41°24'34.3"N 2°12'15.9"E 
The third site is in a terrace of Architecture School 
of Barcelona (ETSAB, UPC, 41°23′03″N 2°06′50″E). It 
consists of 340 kg of gravels divided in 17 bags of 20 
kg and composed by three different types of gravels 
and three different granulometries per each type 
(except for one of them for which a third type of 
granulometry was not available). Gravel is a 
material often used for different types of WSUDs. 
The types of gravels are: volcanic, sedimentary and 
metamorphic stones. 
     The analysis of the behavior of these different 
types will lead us to conclusions about which 
parameters have larger influence in surface 
temperatures.  
    3.Architecture School of Barcelona (ETSAB, UPC): 
41°23′03″N 2°06′50″E 
The two parks were measured on October 1st 2021 
and the gravels in November 19th 2021. The 
optimum dates for the measurements would have 
been during the summer season; however, it was 
impossible to have nor the machines nor the 
permissions in one of the sites to measure before. 
In any case, the trend obtained is similar to 2016-
2018 measurements so that conclusions about the 
influence of some parameters for the surface 
temperatures can be stablished. 
     In 2016 and 2018 we could see that systems 
which retain water or are in direct or indirect 
contact with water have a surface temperature in 
summer which is always lower than the 
environmental temperature in the hottest hours of 
the day. The main examples analyzed then were the 
vegetated surfaces of the infiltration basins of the 
WSUDs built in Can Cortada and an existing blue 
roof and a blue roof prototype (in “La Fábrica del 
Sol”, Barcelona), when there was water in the blue 
roof. The difference measured, for the Can Cortada 
greened infiltration basin area, between surface 
and environmental temperature (Ts and Te) on 
August 28th, 2016 was 15.0(being Ts always lower 
than Ts) and a similar difference between 
environmental and surface temperatures was 
measured 15 days later, on August 12th.  
In the case of “La Fábrica del Sol” blue roof, with an 
open joint artificial stone surface, showed Ts up to 
16.4C lower than Te and for the blue roof 
vegetated Ts was up to 15.0C lower than Te on 
September 14th 2016. Therefore, water arose as a 
first parameter to consider in order to lower WSUDs 
surface temperatures, due to its specific heat 
(4.1813J·kg−1·K−1). This effect didn’t happen for the 
systems which couldn’t retain but percolate water 
in a moderated or fast way. 

     Which other parameters can we analyze which 
can mitigate surface temperatures? 
 
2.1 Building shade effect:  
To see the building shade effect, two WSUDs shave 
been chosen: draining concrete and a soil pit tree 
(Figure 1 and Figure 2, left and right side pictures 
respectively). 
 
Figure 1: Sunny (left side picture) and building shaded 
(right side picture points #1’ and #2’) soil pit tree and 
draining concrete  of Can Cortada  (right side point# 1 and 
point #2) 

           
 
Figure2: Sunny soil pit tree of Can Cortada (point# 1’) 

 
Figure 2 shows the difference between Ts and Te in 
the whole day sunny soil pit tree. In the hottest 
hours of the day surface temperatures are 10.1C 
above Te in October 1st 2021. 
     On the contrary, the whole day, for the shaded 
soil pit tree (Figure 3), Ts was always below Te with 
a maximum difference of 3.2C at 13:00h during the 
same day. 
 
Figure3: building shaded soil pit tree of Can Cortada  
(point#1). 

 
It’s remarkable that this difference is higher in 
summer. During the summer of 2016, Ts (15.7C) 
was 17.1C lower than Te (32,8C) in the shaded 
area on August, 24th 2016 (hotter date than October 
1st) while, in this case the same sunny soil pit tree 
had a Ts (48.8C) 12.3C higher than the Te (36.5C) 
at 17:00h.  
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Draining concrete shows a similar thermal behavior 
than the soil pit tree in the same day (Figure 4): in 
the hottest hours of the day Ts are 8.0C above 
environmental temperature while shaded draining 
concrete on October 1st 2021 is 4.0C underneath 
Te (Figure 5).  
Figure4: Sunny draining concrete of Can Cortada   
(point # 2’of figure1)  

 
Figure5: Building shaded draining concrete of Can 
Cortada  (point # 2 of figure1) 

 
During the summer the trend is the same but, as it 
happens with the soil pit tree, the difference of the 
building shaded draining concrete and the sunny 
draining concrete measured in August 24th of 2016 
is higher. 
Ts (14.8C) was 18.0C lower than the Te (32.8C) in 
the building shade while Ts (45.3C) was 9.3C 
higher than the Te (36.0C) in sunny conditions.  
 
2.2 Green shade effect:  
In this case non-infiltration basins of both parks 
were under building shades but some of the WSUDs 
were in the shade and green shade effects for 
infiltration basins with gravels and sand could be 
measured. 
Figure 6: Sunny infiltration basin of Can Cortada  

 
Figure 7: Gravels in sunny infiltration basin (point#1) 
 This similar pattern in a sunny situation in October 
1st 2021, during the hottest hours of the day, shows 
that for gravels (#1 of the infiltration basin), Ts is 
9.5C higher than Te.  

 
 
Figure 8: Green shaded infiltration basin (point#1’ Upper 
photo in right side of Figure 9).Cristóbal de Moura. 
 

 
In the shaded situation, Ts is similar to Te and not 
so high as in the sunny situation during the same 
day as in Figure5. 
 
Figure 9: Cristóbal de Moura Park (green shaded sand 
pervious surface in lower right and left side photos and 
#3point and sand sunny infiltration basin in upper right 
side and left side photos #3’point). 

                
 
This sand pervious surface is shaded by a big 
platanus hispanica which shade lasted during the 
measurements.                                                                  
In this park other construction systems were 
measured such as a sunny and a shaded gravel 
infiltration basin and also the sunny and shaded 
brown draining concrete (points #1 and #1’).  
 
Figure 10:Sunny sand pervious surface (point #3’). Upper 
right side photo of Fig. 8,Cristóbal de Moura . 

 
Again, for the sunny situation, Ts (39.3C, 
maximum) is up to 15.5C higher than Te (23.8C) 
also in August 10th 2021. 
 

 

Figure 11: Green shade in sand infiltration basin  (lower 
right side Figure 9 photo, point #3) Green shaded sand 
pervious surface (point#3).Cristóbal de Moura. 

 
In this case Ts is 2.70C (maximum) underneath Te 
showing the same pattern seen before. 
Although gravel infiltration basins in sunny and  
green shade conditions were also measured, results 
in the shaded situation are not very reliable due to 
the fact that the shade was moving from the same 
area because of the discrete canopy. 
The comparison between grey and brown draining 
concrete will be shown in next section. 
 
2.3. Granulometry and albedo. 
Figure 12: Volcanic, sedimentary and metamorphic 
gravels with different granulometries. 

 
These measurements were taken in November 5th 
2021. They couldn’t be taken in summer for 
different reasons: in August the Architecture School 
is closed and during the rest of summer months nor 
the tools to measure, nor the gravels nor the 
weather conditions were gotten. Nevertheless, a 
trend related with albedo and granulometry has 
been detected. 
 
2.3.1. Volcanic stones:  
In this case we have two type of volcanic stones: 
the natural volcanic stone and the red volcanic 
stone. Both of them show a similar albedo: natural 
volcanic stone has an albedo of 12,87% and red 
volcanic stone has an albedo of 12,15%. It was 
measured with the luximeter the same November 
5th 2021. In both cases thermal intertia is also 
similar due to its origin and it’s 3158,32 J 
m−2 K−1 s−1/2. Thus, the parameter which can affect 
surface temperature is Granulometry. In this case, 
granulometries are 5-10 mm, 10-25 mm and 25-50 
mm for both types of stones. In both cases stones 
of 5-10 mm are the ones that get higher surface 
temperatures once relative humidity of the stones 
is in its lower point. Gravels are in the sunniest 
terrace of the Architecture School but there were 
some hours of shade which can be identified in the 
graphics which are until 10:00 h and some shades 
from 16:00 h-17:00 h. The pattern is similar in both 
cases and depending on the granulometry, once are 
under the sun. In both cases, and as in the whole 

analysed cases, Ts of gravels are above Te in the 
hottest hours of the day. The difference in both 
stones between the 5-10 mm granulometry and the 
25-50 mm stone is 12.50C.  
 
Figure 13: Natural volcanic stone: Ts (surfaces 
temperatures and Te (environmental temperatures). 

 
Figure 14: Natural volcanic stone: Ts and Te.  

 
2.3.2. Sedimentary stones:  
We could obtain two types of sedimentary stones, 
with granulometries of 6-12 mm and 12-18 mm for 
the yellow sedimentary limestone and 6-12 mm, 12-
24 mm and 24-40 mm for the black sedimentary 
stone.  
In this case albedo is different: 18,75% for the 
yellow sedimentary stone and 13,50% for the black 
sedimentary stone. These values are coherent with 
a lower maximum Ts measured for the yellow stone 
(27.60C) than the maximum Ts (33.0C) for the 
black sedimentary stone (without taking into 
account the 24-40 mm granulometry which couldn’t 
be obtained for the yellow stone).  
Again, once both types of stones get the lowest 
relative humidity they get the maximum 
temperatures. This fact happens one hour later in 
yellow sedimentary stone probably due to higher 
albedo. 
According to the parameters obtained from the CTE 
WEB http://cte-web.iccl.es/ (Código Técnico de la 
Edificación web about construction solutions) [3] 
thermal inertia for sedimentary stones is 1628,80 J 
m−2 K−1 s−1/2     This is surely why maximum Ts for 
black sedimentary stone is about 4.0C lower than 
for the black volcanic stone, for the stones with the 
most similar granulometries (10-25 and 12-24 mm). 

 
 
Figure 15: Yellow sedimentary limestone: Ts and Te.  
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Figure 16: Black sedimentary stone: Ts and Te.  

 

About granulometry, while the yellow limestone 
shows a similar trend to the volcanic stone (the one 
with the smallest granulometry has maximum Ts 
around 4.1C higher than the bigger granulometry 
one), black sedimentary stone doesn’t show such a 
clear trend. If 24-40 mm sample was removed, the 
intermediate granulometry would show a Ts a bit 
lower than the 6-12 mm. Unexpectedly, the biggest 
granulometry for black sedimentary stone is not 
following the same trend. 
 
2.3.3. Metamorphic stones:  
We have two types of metamorphic stones: the 
pink metamorphic stone, with an albedo average of 
19,95% and the red marble metamorphic stone 
with an albedo of 16,79% measured with the 
luximeter. This lower albedo must affect the higher 
temperatures for red metamorphic stones different 
from pink metamorphic stones (as it happens with 
sedimentary gravels). Maximum Ts for red marble 
metamorphic stones is 35.1C and 24.2C for pink 
metamorphic stone. 
Both of them show the same behaviour seen up to 
now: Ts is higher than Te in the hottest hours of the 
day; however, for pink metamorphic stone, the 
difference is very similar (which may be due to the 
higher albedo, a 19,94%).  
For metamorphic stones thermal inertia is a bit 
higher (1944,22 m−2 K−1 s−1/2)  than for sedimentary 
stones (1628,80 J m−2 K−1 s−1/2); however, Ts are 
similar between both stone families. It’s remarkable 
that Ts for pink metamorphic stone are even a bit 
lower than for yellow sedimentary stones, in spite 
of thermal inertia values, probably due to the 
slightly higher albedo of metamorphic stones. 
 
 
 
 
Figure 17:Pink metamorphic stone stone: Ts and Te.  

 
Figure 18:Red marble metamorphic stone stone:Ts and Te 

 
Again, the smallest granulometry is linked to the 
highest maximum temperatures in the hottest 
hours of the day, in both cases. Granulometry, for 
the intermediate types couldn’t be the same for 
both types of stones (it couldn’t be found in the 
market); thus, the lowest granulometry Ts for the 
red marble gravel coincides with the intermediate 
granulometry Ts. It’s probably modifying the trend 
but, the biggest granulometry of this stone is 
changing the trend. In the black sedimentary stone 
Ts of the highest granulometry (24-40 mm) is similar 
to the intermediate granulometry (12-24 mm) Ts. 
As a last case, we can compare grey and brown 
draining concrete. These measures were taken in 
Cristóbal de Moura and Can Cortada Park the same 
day, on October 1st 2021. Although grey draining 
concrete albedo average is 17% and brown draining 
concrete average is 19% they have both a similar 
thermal behaviour. During the same day, with Te 
for both of them between 20.0C and 25.0C, both 
of them reach a maximum Ts of 35.0C ; however, 
it’s true that Ts are higher for brown draining 
concrete than for grey draining concrete. 
 
2.4. Thermal inertia: 
Thermal inertia is the degree of slowness with 
which the temperature of a body approaches that 
of its surroundings and which is dependent upon its 
absorptivity, its specific heat, its thermal 
conductivity, its dimensions, and other factors [4]. 
The formula and units are:   [J 
m−2 K−1 s−1/2]. [5]. 
According to this formula and the parameters found 
in CTE web (http://cte-web.iccl.es/)  
[3] thermal inertia for the three groups of stones 
are: 
 
 
 

 

Figure 22: Thermal inertia calculations. 
Thermal Inertia  Density (Kg*m-3) Conductivity(W/m·K) Specific heat(J/Kg·K) Heat capacity (J/K*m3)

Natural volcanic stone I= 3158,32234 2850 3,5 1000 2850000
Sedimentary limestone gravel I= 1628,80324 1895 1,4 1000 1895000
Metamorphic stone I= 1944,22221 2700 1,4 1400 3780000 
(Measured in J m−2 K−1 s−1/2) 

 

3. CONCLUSIONS 
There are different parameters which determine 
surface temperatures. In this study, through 
measurements taken during three years and a half, 
we have inferred the parameters most contributing 
to mitigate climate change by decreasing surface 
temperatures. The parameters analysed are: the 
effect of water, the effect of building shades and of 
green shades, albedo, granulometry and thermal 
inertia. 
Firstly, the effect of water was analysed in CTV’18 
Congress. As it has been remembered, systems 
which retain water in direct or indirect contact with 
water have a surface temperature in summer which 
is always lower than the environmental 
temperature in the hottest hours of the day. The 
difference between Te and Ts reaches 15.0C for 
green surfaces of an infiltration basin (Can Cortada), 
16.4C for La Fábrica del Sol blue roof and 15.0C 
for its blue-green-roof. The difference for building 
shades in soil pit trees is 3.2C (in October 1st 2021) 
and 17.1C (in summer, August 24th 2016). In the 
case of draining concrete, a similar pattern is 
obtained: Ts is below Te, 3.2C in October 1st 2021 
and 17.1C in summer (in August 24th 2016). 
Thus, building shade is very effective (the reduction 
of Ts is similar to that of water retention systems) in 
case it’s required to use soil pit tree or draining 
concrete, no matter if the color is grey or brown 
because they have similar albedo. 
About gravels of WSUDs, like an infiltration basin, Ts 
can be underneath Te if it’s under a tree shade or if 
it has a big canopy wich projects a constant shade 
during the hottest hours of the day, up to 1.20C in 
October 1st (Figure 8) and probably higher during 
the summer. Sand of an infiltration basin behaves a 
bit better having a Ts 2.7C lower than Te (probably 
because of its water retention) in October 1st 2021. 
The different would probably be higher in summer 
as it its for the other WSUDs.  
In relation to gravels of a WSUDs, granulometry 
determines a higher Ts under the same thermal 
inertia and similar albedo as it happens with 
volcanic stones. Volcanic ones have the highest Ts. 
Their maximum Ts are double of sedimentary Ts or 
a third more than the metamorphic Ts. They also 
have the lowest albedos (12,87% and 12,15% for 
natural volcanic stone and red volcanic stone 
respectively while the rest go from 13,5%-19,94%) 
in relation to the other gravels (Figure 19).  

About the sedimentary and metamorphic stones 
thermal inertia is very similar (1628 J m−2 K−1 s−1/2 nad 

1944,22 J m−2 K−1 s−1/2) while volcanic stones have 
3158 m−2 K−1  s−1/2  .They also have similar albedos 
between yellow sedimentary stone (18,75%) and 
pink metamorphic stone(19,94%) and black 
sedimentary stone (13,5%) and red marble 
metamorphic stone (16,79%) while albedos of 
volcanic stones are 12,87% and 12,15%. Thus, 
thermal behaviour of yellow sedimentary stone 
(Fig.15) and pink metamorphic stone (Fig.16) and 
black sedimentary stone (Fig 17) and red marble 
metamorphic stone (Fig.18) are similar although 
they belong to different types of stones. 
Surprisingly in these three last groups where 24-40 
mm gravels were obtained, this granulometry 
behaves worse than the smaller one achieving Ts 
higher than the other granulometries Ts in 
November 5th. 
Then, by order of surface temperature decrease, 
according to the measurements taken in summer 
and during the beginning of autumn (from 2016-
1018 and 2021 respectively) the parameters are: 
water retention (direct or indirect), building shade, 
green shade with a dense and big canopy, thermal 
inertia, albedo and granulometry  when it’s very 
different. 
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ABSTRACT: The Climate Change phenomenon continues to affect urban areas and their populations, the Urban Heat 
Island Effect (UHI) related impacts, such as heatwaves, are known to affect the climatic conditions of cities and increase 
the thermal stress of citizens. This research investigates the implications of heat stress on citizens' thermal comfort by 
analysing the Universal Thermal Climate Index (UTCI); and, based on well-known urban cooling principles and 
techniques, proposes an innovative water-based cooling system design specifically to reduce peak temperatures during 
heatwaves in outdoor areas, promoting enhanced spaces (urban oasis) that improve citizens' thermal comfort during 
heat stress conditions. Applying a research through design approach to optimise and document results in a series of 
iterative design-test-optimisation processes. The cooling potential of the "downdraft-evaporative-windcatcher" (DEW) 
Cooling Façade is simulated in a testbed combining four variables into twenty different configurations, the best-
performing configuration (in the UTCI values) is later applied to a case study in the city of Milan, Italy. 
KEYWORDS: Research Through Design, Urban Heat Island Effect, Human Thermal Comfort, Climate Sensitive Design, 
Downdraft Cooling, Evaporative Cooling 
 

1. INTRODUCTION 
The global warming we are experiencing more critically every 

year in urban areas is a combination of factors, phenomena, and 
occurrences. The so-called urban heat island (UHI) effect refers 
to the difference in temperature between rural and urban areas, 
mainly due to the cities' absorption, creation, and retention of 
heat. It primarily occurs due to substituting the natural 
landscape with an urban layout, retaining heat during the day, 
and releasing it back into the atmosphere above the city at night 
(1). Directly impacting human physical health through exposure 
to high temperatures during heatwaves, thus increasing the risk 
of thermal discomfort, dehydration, and cardiovascular diseases 
such as heat strokes (5). 

Various factors impact citizens' thermal comfort; the urban 
morphology and the local climate are among the most relevant. 
The urban morphology consists mainly of public spaces (parks, 
streets, squares, and water bodies, among others), buildings 
shape and scale, street geometry, vegetation cover, and the 
typology of materials used to build them. Such unique 
configurations determine the city's diverse microclimates (1) 
according to their orientation and exposure to solar radiation 
and natural ventilation.  

Research on cooling outdoor microclimates has gained much 
attention in the last decades due to the continuous increase in 
global temperature and the increasing intensity of heatwaves 
that strike cities worldwide. Extensive research has 

demonstrated water systems' relevance and applicability to 
reducing air temperature due to the cooling potential of water 
evaporation and heat transfer principles (1, 2, 3, 4).   

This research investigates evaporative cooling principles and 
techniques by designing an innovative Water-Based Cooling 
System (WBCS) to a prototype level, aiming to reduce peak 
temperatures during heatwaves in urban areas. The 
"downdraft-evaporative-windcatcher" (DEW) Cooling Façade is 
introduced into the urban fabric to promote enhanced spaces 
(urban oasis) and improve the thermal comfort of citizens during 
heat stress conditions.  

During the research, we analyse microclimatic parameters 
(at the local scale) to estimate people's heat stress levels, such 
as air temperature (Ta), relative humidity (RH), wind speed (ws) 
and the mean radiant temperature (MRT). Finally, we use the 
Universal Thermal Climate Index (UTCI) to determine heat stress 
conditions as a comprehensive heat budget model.  
 
2. METHODOLOGY  

The research initiates by studying water-based cooling 
principles and other compatible cooling techniques to identify 
the most suitable combination of variables to develop effective 
wbcs. 

In this research paper, two (digital) scenarios are analysed: a 
testbed and a case study. Both have variations A and B. The first 
(A) represents the business as usual of the location named in the 

 

research reference case. The latter (B) tests the wbcs 
performance. 

The wbcs efficiency is analysed through simulations that 
evaluate the thermal behaviour of the model, imputing and 
changing four variables one at a time—facilitating the evaluation 
of each variable's importance at the moment of choosing the 
most effective combination for the final prototype. 

Both simulations were analysed in the climate region of 
Milan, Italy, in the year 2015; selected for its heat stress 
characteristics and data availability within the epw1 database -
the preferred method for running the climatic simulations with 
the software ENVI-met-. The month of July presented the mean 
maximum Dry Bulb Temperature (DBT) and is being chosen for 
running the simulations on the first day of the month, from 12 
hrs. to 19 hrs. 

The data extracted from the simulations is always at a 
selected grid 'x', measured at 1.5 m from the street level, at 
precisely 16 hrs., and at one meter from the building façade. 

The methodology is based on three steps to design, test and 
analyse the innovative wbcs. 

Step one: analysis and selection of suitable urban cooling 
principles; step two: data-driven spatial analysis (identifying the 
intervention areas); and step three: prototyping responsive and 
adaptive solutions for outdoor thermal comfort.  
 
2.1 Step One: Urban cooling principles. 

The fundaments of thermodynamics have been applied for 
centuries as a cultural representation of architectural design 
seeking to cool down indoor and outdoor spaces.  

In current days, spatial planning principles and techniques 
are typically used for cooling outdoor urban environments. The 
essential principles for cooling outdoor environments are 
natural ventilation, blocking solar radiation, improving albedo 
properties of materials, ground heat exchange, water 
evaporation, and evapotranspiration from green areas (1, 2, 3).  

In this case, where a water-based solution has been 
developed, the principle taken into consideration are the 
downdraft effect and natural ventilation, relying on water 
evaporation as a cooling technique where surface-area to 
volume-ratio indicates the speed at which water changes from 
liquid to gas. Considering that water requires high amounts of 
energy to evaporate and that the higher the surface area 
exposure is, the higher the energy transfer due to heat exchange 
may be.  
 
2.1.1 DEW Cooling Facade.  

The downdraft-evaporative-windcatcher cooling facade 
(DEW Cooling Facade) presented in this paper is a digital 
prototype; designed as a self-support modular system and 
installed on a building facade as a second skin. Regardless of the 
building's new or existing conditions, the system's first benefit is 

 
1 Extensions of epw files are data files associated to specific software, in this 

case they are used for ENVI-met to input climate data. 

reducing the incident solar radiation and, thus, the overall heat 
load and energy consumption of the building. 

Following the design of a windcatcher, the air intake is built 
1.5 m above the building's roof level to capture natural 
ventilation, equipped to close and open according to the desired 
needs.  

The top of the system is equipped with a water nebulisation 
system at variable heights (15-20 m), according to the building. 
It creates a cloud of micronised water that evaporates when 
climate conditions are adequate (hot, semi-humid/dry), thus 
creating a downdraft current directed to the pedestrian level. 
Image 1 shows the system's conceptual drawings and rendered 
images of its attachment to the façade of a building. 
Figure 1: DEW Cooling Façade. Conceptual drawings & rendered images of the 
top & lateral views of the system. Source: Author, 2022 
 

 

  
 
The system uses front panels made from porous and water 

absorbent materials (aired baked clay) in identical built-in 
modules of 60x120 cm. The lateral and back panels are of 
aluminium, forming a confined space for the improved air -
similar to an A/C ducting system- with a shaft approximately of 
50x60 cm wide. Image 2 shows the air intake and the 
nebulisation system installed. 

  
Figure 2: DEW Cooling Facade. Air intake and nebulisation system views. 
Source: Author, 2022 

   
 

Beyond the specific contributions of the downdraft cooling 
effect, other contributions are possible; the panels' are designed 
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with symmetric concave areas to support local flora and fauna 
proliferation, as plants may be installed in the concave areas. 
They absorb water from the porous, wet panels, sprayed from 
the inside, a point at which this system may be considered a 
green wall.  

The panels can absorb and retain rainwater during heavy 
storms (20% to 35% absorption); the water retained in the 
panels slowly evaporates, infiltrates the storage unit or the soil, 
reducing runoffs to sewage systems. Thus, becoming a 
responsive and adaptive building skin designed to improve the 
outdoor thermal comfort of citizens and provide a series of co-
benefits to outdoor climate adaptation.  

Other specific elements could improve the system, such as 
installing solar panels, mechanical ventilation, and water 
filtration systems.  

 
2.2 Step Two: Data-driven spatial analysis. Identifying the 
intervention areas. 

Providing data to decision-makers supports them in better 
understanding where solutions will have the most impact. The 
methodology for selecting the intervention areas considers 
crossing local microclimate data with the urban morphology, 
showing priority areas to assess.  

The analysis uses multiple software, starting by opening and 
modifying municipality blueprints with software such as Revit or 
AutoCAD. These files are not directly compatible with the 
software ENVI-met; thus, other software is needed for 
transferring the information to ENVI-met.  (e.g., Sketch-Up with 
the ENVI-met plugin installed).   

ENVI-met version 5.02 is a three-dimensional modelling 
system designed to simulate microclimate conditions in the 
urban environment based on the fundaments of fluid and 
thermodynamics (3). 

Image 3 shows the software (sketch-up & ENVI-met spaces) 
used to build the model's urban morphology; later, 
microclimatic data inputs are added to the model. When 
preparing the simulation, it is opted to use epw files to input the 
local climate variables using the full forcing option in ENVI-guide.  

 
Figure 3: Data-driven analysis. The image on the left is realised with the 
software Sketch-Up; the image on the right is with ENVI-met Spaces. Source: 
Author, 2022 

   
 

3.3 Step Three: Prototyping innovative water-based systems 
for outdoor thermal comfort. The DEW Cooling Facade 
Prototype. 

The DEW Cooling Facade prototype has been designed and 
analysed, considering its cooling potential and efficiency. The 
first aspect analyses the extent of the prototype to reduce heat 

stress by considering the thermal comfort conditions (UTCI, °C). 
The second aspect analyses the cooling potential (Ta, °C), its 
total water (l/h) and energy (w/h) consumption.    

Twenty configurations are simulated in the ENVI-met 
software, representing the combination of four variables v1,v2, 
v3, and v4 (v1-v4).  

v.1= refers to the nebulisation output regarding the number 
of nozzles, water nebulised per nozzle, and total water/energy 
consumption. Six systems are tested in this paper. The first 
nebulisation system (s.1) was tested with a total consumption of 
432 l/h and 1250 w/h. This nebulization system was simulated 
in virtual prototypes: 1a, 1ab, 2a, 2ab, 3a, 3ab, 4a, 4ab, 5a and 
5ab. The second nebulisation system (s.2) was tested with a total 
consumption of 144 l/h and 680 w/h in the virtual prototypes 
5a, 5ab, 6a, 6ab, 7a, 7ab, 8a and 8ab. Table 1 shows values for 
both nebulisation systems, underlining the two systems used as 
v.1 during the simulations.  

 
Table 1: The DEW Cooling Façade Prototype. Variable, v.1 (Nebulization System 
Configurations), considers the number of nozzles and the water/energy 
consumption. Source: Author, 2022 

 
 
v.2= refers to the width of confinement used to channel the 

improved air. Two options were tested: one represents a single 
wall of 30 cm wide, and the other represents a normal wall of 45 
cm wide which is commonly used in the ENVI-met software.  

 v.3= refers to the materials used to build the system. Two 
different materials are included in the simulations: the first is 
aerated brick with a solar absorptance of 0.6 frac, and the 
second material is aluminium with a solar absorptance of 0.1 
frac. The terminology frac refers to the fraction of solar radiation 
absorbed by a given material.  

v.4= refers to the installation height of the nebulisation 
system. Two heights are used during the simulations, 15m and 
20m. Table 2 shows the four different variables and the twenty 
combinations (Prot.  1a to 8ab); the results are shown in Figure 
4. 
Table 2: Twenty configurations of the DEW prototype, combining four variables: 
nebulisation output (v.1), width (v.2), materials (v.3), and the system's height 
(v.4). Source: Author, 2022. 

 

 
 
4. RESULTS 

The first scenario to be analysed is the testbed. The 
reference case (A) is without a prototype. The data was collected 
at a 1.5 m high and 1 m distance from the building’s façade. Six 
parameters are collected for data: Wind direction (deg), flow w 
(m/s)2, wind speed (m/s), air temperature (°C), RH (%), MRT (°C), 
and the UTCI (°C), as presented in Tables 3 & 4.  
 
Table 3: Testbed Scenario - A: Reference case. Results of the model without any 
wbcs. Source: Author, 2022 

 
 

After extracting the data, an average during operational 
hours is calculated (13 hrs to 17 hrs) as a comparative value 
between the twenty different simulations. We can observe that 
the average Ta is 34.1 °C, and the UTCI is 36.9 °C (the range of 
no thermal stress conditions is between 9°C and 26°C).   

 
2 Flow w represent the wind speed inside the shaft, thus, the downdraft effect. 

After acquiring the data from the simulation without the 
prototype, twenty simulations are performed using the same 
microclimate parameters and urban morphology. The only 
difference is introducing the different variables (v.1 to v.4). 
Figure 4 presents the results of the parameters collected in the 
twenty simulations. 
 
Figure 4: Results of the twenty configurations of the DEW prototype. Data 
collected are Ta, MRT, RH, ws and UTCI. Prototype 4a, 4ab and 8a perform best 
in terms of UTCI. Source: Author, 2022 
 

 
 

When comparing the UTCI data from all the simulations, it is 
possible to determine that the best performing is Prototype 4a 
with the configurations v.1=347 µg/s, v.2=normal wall (45cm 
wide), aluminium shafts at 15 m high.  

Table 4 presents the values of Prot. 4a. The prototype shows 
the best results in all parameters except for the RH, which shows 
high humidity levels inside the shaft. This prototype is selected 
to apply in the case study. 

 
Table 4. Testbed Scenario - B: WBCS case. Results of the model with Prot. 4a. 
Source: Author, 2022. 

 
 

The Prot. 4.a presents an average Ta of 21.9 °C and a UTCI of 
29.2 °C. Figure 5 shows the cooling potential of the prototype in 
a floor plan at 16.00 hrs, where the cooling effect is of 12. 5 °C 
in the first 15 m away from the façade and reduces its effect 
drastically to 7°C after 35 m distance. 
 
Figure 5. Testbed Scenario – B: wbcs simulation: Analysis of the Ta for Prot.4a in 
a floor plan. The location where the data was collected for the simulation is 
represented with a star. Source: Author, 2022. 
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4.1 Case Study. Sammartini, Milano  

The second scenario to be analysed is the case study 
developed in the City of Milan, Italy. Confined by the roads Via 
Giovanni Battista Sammartini (1) and Via Cristoforo Gluck (2). It 
has an approximate perimeter of 250x470 m and a total area of 
117,500 m2. Figure 6 shows the location of the streets where 
the scenario is analysed.  
Figure 6. The aerial photo of the city of Milan. Via G.B. Sammartini (1) & Via C. 
Gluck (2). Source: Google Earth Pro, 2022.  

      
As before, the reference case (A) is analysed without a 

prototype, and the wbcs case (B) is simulated with prototype 4a. 
Figure 7 shows a map representing the reference case (A), with 
Ta ranging from 31.5 °C to 34.3 °C. It is possible to observe that 
both streets present the highest Ta ranges, making them ideal 
testing sites for the DEW Cooling Facade prototype. 

 
Figure 6. Case Study Scenario -  A: Reference case. Results of the model without 
any wbcs. The location where the data was collected for the simulation is 
represented with a star. Source: Author, 2022. 
 

 
 
To simulate the wbcs case (B), locating the prototype in the 

software grids with source points is necessary. Twenty-one 

source points were located (represented with an orange cross); 
each represents a DEW Cooling Façade System configured by the 
Prot. 4a, their approximate total consumption is 9,072 l/h and 
26,250 w/h.  

Figure 7 shows the location and distribution of all the point 
sources by street. In Via Cristoforo Gluck, 13-point sources were 
placed with a total consumption of 5,616 l/h and 16,250 w/h. 
Meanwhile, in the street Via Giovanni Battista Sammartini, 8-
point sources were placed with a consumption of 3,456 l/h and 
10,000 w/h.  

The map also presents the areas of improved Ta, with 
maximum values of 5.8 °C, showing the cooling potential of the 
DEW Façade System. 

 
Figure 7. Case Study Scenario -  B: WBCS case. Map showing the location and 
distribution of all the 21-point sources by street, each represents one Prot. 4a, 
marked in orange crosses. Source: Author, 2022. 

 
The UTCI data from cases A and B are compared in Figure 8. 

We can appreciate a temperature drop when the prototype is 
operational from 12 hrs, keeping the temperature below 33.5 °C 
at the hottest moment of the day, thus, preventing very strong 
heat stress from occurring. Providing moderate conditions 
alongside the streets throughout the day (the range of strong 
and very strong thermal stress conditions are between 32-37 °C 
and 38-46 °C, respectively). 
 
Figure 8. UTCI comparison between A & B in the case study. The two 
configurations have differences in temperature of about 8.9 °C. Source: Author, 
2022. 

 
 
5. DISCUSSION 

This research explores the efficiency of the DEW Cooling 
Facade prototype using the downdraft cooling principle in the 

 

climate region of Milan, Italy. Focusing on reducing Ta in urban 
areas and promoting enhanced spaces (urban oasis) that 
improve citizens' thermal comfort during heat stress conditions. 

Twenty simulations are tested in a digital testbed combining 
four different variables (v.1. output of the nebulisation system, 
v.2. width of the confinement, v.3. materials used in the outer 
panels and v.4. installation height of the nebulisation system). 
The four variables analysed and combined among each other 
have different levels of relevance.  

V.1. Nebulisation Output. In all the tests performed, the most 
relevant variable was the water output, all the combinations 
using higher outputs of nebulisation had a better cooling effect, 
regardless of the other variables. The testbed presented Ta 
reductions up to 12.5 °C up to 35 m from the prototype. The 
system that performed best was Prot. 4a using a total 
consumption of 432 l/h and 1250 w/h (from 12 to 17 hrs) see 
table 4.  

Reductions in water consumption may be achieved by 
lowering the µg/s used per nozzle, reducing the amounts of 
nozzles in the system, or the total operational time. 

V.2. Width of Confinement. The confinement greatly 
impacted the RH inside the shafts, increasing the original value 
from 35 % to 99 %. Substantial reductions on the RH were 
documented in relation to further distances from the prototype.  

Another interesting result was the value documented for the 
flow w inside the shaft, related to the downdraft effect from the 
evaporated water. It shows that it increased its original value up 
to 9.6 times, from 0.03 m/s to 0.29 m/s. It proves that the 
downdraft effect is calculated by ENVI-met, regardless of using 
a single wall or a normal wall as confinement (terminology 
commonly used in the software). To our knowledge, such a 
finding has not been revealed. 

V.3. Materials: Two materials were used (aluminium panels 
and baked clay). The prototypes built with aluminium layers had 
better performance on average. This situation may have 
multiple explanations as the aluminium absorbs and retains less 
heat during the day than clay, the air flows faster in such 
material, or the hot metal supports faster evaporation of the 
nebulised water.  

V.4. Height of the Nebulisation System: The least influential 
variable was the nebulisation's height; a range of 5 m was 
insufficient to detect a significant difference between the two 
distances analysed (15 m and 20 m). In general terms, the 
cooling potential was higher at 15 m height. However, when 
testing only the nebulisation systems without the confinement 
provided by the prototype, the improved air dissipated fast, 
barely providing any cooling potential at pedestrian levels (1.5 
m).  

The UTCI analysis in the testbed revealed a maximum 
temperature reduction of 9.1 °C with a range of improvement 
from 37.9 °C (strong heat stress) to 28.8 °C (moderate heat 
stress).  

During the case study, Prot. 4a was tested. It reduced the air 
temperature up to 5.8 °C. In the case of Via Cristoforo Gluck, 
those conditions were perceived at about 330 m along the street 

following predominant wind directions. The UTCI analysis 
showed improvements of 8.9 °C, providing moderate heat 
conditions during the day and avoiding very strong heat stress 
conditions that would be otherwise above 40 °C.  
 
6. CONCLUSION 

This paper provides insight into the direct impacts on 
thermal comfort by reducing exposure to high temperatures 
during heat stress conditions. Moreover, it uses different 
principles and techniques to develop innovative water-based 
cooling solutions.  

The downdraft-evaporative-windcatcher cooling facade 
(DEW Cooling Façade) is presented and analysed in this paper, 
demonstrating the potential of downdraft cooling. Two digital 
scenarios are analysed, one as a testbed and the second in a case 
study in Milan. In the testbed, we analysed twenty prototypes 
combining four variables, providing results of their cooling 
effect; we then selected the best performing prototype and 
used it to analyse the case study. Regarding the UTCI analysis, 
the values presented temperature reductions of 9.1 °C; 
meanwhile, the case study showed reductions of 8.9 °C, avoiding 
the strongest impacts of heat stress in surrounding areas of the 
prototype.  

The prototype provides the possibility of higher comfort 
levels, where users can find a place to cool and relax in outdoor 
spaces avoiding strong and very strong heat stress conditions. 
Such improvements are directly reflected in livelihoods and may 
promote outdoor activities, better health among citizens and 
thus, fewer heat-related deaths. 

 Decision-makers and practitioners interested in improving 
citizens' thermal comfort may use the procedures and results 
presented as part of the tools to tackle heat stress in cities. For 
example, by selecting the most suitable intervention areas 
where such a typology of wbcs may have the most impact, 
promoting at the same time enhanced urban spaces (urban 
oasis) that improve citizens' thermal comfort during heat stress 
conditions. This approach integrates resilient public spaces, 
urban design practices, academic research, and climate policies. 
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ABSTRACT: This study proposes a methodology to map urban heat island intensity based on sky view factor (SVF) 
data, using Barcelona as a case study. We used LiDAR data to generate the SVF map of the city and empirical 
and simulation data to obtain the relationship between nighttime urban heat island intensity and canyon SVF in 
Barcelona.  The data were processed and interpolated in a GIS software to obtain the micro-scale and local-scale 
urban heat island map of the city. The methodology proved effective in showing hot and cold spots across the 
city. Some unexpected results were used to discuss the validity and limitation of the urban canyon model 
approach for those urban fabrics with more heterogeneous morphology.  
KEYWORDS: Sky View Factor, Urban heat Island, Urban microclimate, Urban form, GIS  
 
 

1. INTRODUCTION  
The rise in global and urban temperature has 

become a serious risk for urban health [1]. The risk 
is amplified in cities due to the presence of the 
Urban Heat Island (UHI), increasing air temperature 
compared to the surrounding rural areas, especially 
during the night [2]. The UHI exacerbates heat-
related health impacts by increasing heat stress 
during the day and reducing cooling potential and 
relief at night. The UHI also significantly increase 
the cooling energy demand of buildings in summer 
[3-4]. For these reasons, improving the 
microclimate conditions of urban spaces would play 
a pivotal role to improve health and wellbeing of 
urban population and to reduce energy 
consumption at the urban scale, increasing urban 
resilience to climate change. 

The UHI intensity varies across the city 
depending on the characteristics of the urban fabric 
[5-6]. Mapping the spatial distribution of the UHI 
intensity is not an easy task, due to the 
heterogeneity of the urban fabric in terms of form, 
anthopogenic heat generation and vegetation 
cover. However, studies have shown that urban 
form takes a dominant role on the local-scale UHI 
intensity because it is correlated to several causes 
of the UHI [7]. The complex three-dimensional 
geometry of the urban surface produces multiple 
reflections of the incident solar radiation, increasing 
solar absorption [8]. It also reduces the long-wave 
radiation loss at night, due to reduced openness to 
the sky. Furthermore, the roughness of the urban 
surface reduces the turbulent heat transfer out of 
the urban canopy, due to the reduced wind speed 
between buildings [9]. All these effects are related 
to the percentage of sky “seen” by urban surfaces, 

which is expressed by the parameter Sky View 
factor (SVF), ranging between 0 and 1 for totally 
obstructed and completely open spaces, 
respectively. This explains the relationship between 
the night-time UHI intensity and the SVF of street 
canyons identified by Oke for various cities of the 
world [9]. A negative correlation between UHI 
intensity and SVF was confirmed also by more 
recent studies [10–12]. Based on these 
assumptions, this study presents a methodology to 
map the UHI intensity of Barcelona based on the 
SVF of urban spaces. 

 
2. METHODS 

The methodology is based on consecutive steps: 
1) Generation of a high-resolution map of the 

SVF of the urban fabric of Barcelona using LiDAR 
data  

2) Identification of the relationship between 
canyon SVF and UHI intensity in Barcelona using 
simulations and measurements 

3) Generation of a continuous map of UHI 
intensity at local scale using spatial interpolation. 
 
2.1 Generation of the SVF map of Barcelona  

The open-source GIS software QGIS was used to 
generate the Digital Surface Model (DSM) of 
Barcelona and to calculate the SVF in each cell. The 
DSM was created from the LiDAR 3-D point clouds 
file (0.5 points/m²) provided by the Catalonia 
Cartographic and Geologic Institute (ICGC), 
corresponding to a 2016 flight. The accuracy of the 
original DSM was increased by applying a semi-
automatic method (VisionLidar 30.0.01.116.40) to 
improve the classification of land, building and 
vegetation. A Digital Terrain Model (DTM) was 

 

created from the reclassified data by including only 
the ground points. The detailed building data 
available from CartoBCN 
(http://w20.bcn.cat/cartobcn/) were then added to 
the optimised DTM to generate a new, more 
accurate, DSM at 2m resolution. The new DSM was 
used to calculate the SVF of each cell using the 
module “Sky View Factor” of the SAGA-GIS Module 
Library (v2.2.0). The resolution of the SVF map was 
set at 1x1 m.  

 
2.2 Relationship between SVF and nocturnal UHI 
intensity in Barcelona  

We used air temperature measurements in 
urban canyons and simulation results by the Urban 
Weather Generator (UWG) model to identify the 
relationship between canyon SVF and nighttime UHI 
intensity in Barcelona. 

The measurements were taken at the street 
level (1.2m height) at 1AM during three nights of 
July 2014 in eight urban canyons of the 
neighbourhoods of Raval and Gracia. The canyons’ 
SVF varied between 0.18 and 0.88. More details on 
the characteristics of the canyons can be found in a 
previous publication [3]. The UHI intensity was 
calculated as the temperature difference between 
each canyon and the airport weather station. Linear 
regression analysis was performed to identify the 
relationship between the canyon SVF and the night-
time UHI intensity.  

The relationship between the canyon SVF and 
the UHI intensity was investigated also using the 
urban canopy model UWG [13]. The UHI intensity at 
1 AM over one week of July was simulated for five 
urban textures. The results were correlated to the 
SVF of the urban canyon used in UWG calculation 
[14]. More information about the textures can be 
found in a previous study [5]. Linear regression 
analysis was used to identify the relationship 
between the nighttime UHI intensity and the 
canyon SVF according to UWG results. 
 
2.3 Mapping the local-scale UHI intensity across 
the city of Barcelona 

The last step of the methodology was aimed at 
generating a continuous map of the nighttime UHI 
intensity at the local scale in Barcelona. 

The SVF map generated from the previous steps 
is continuous and has a spatial resolution of 
1mx1m. This means that there are different SVF 
values along the section of each urban canyon. The 
SVF is highest at the central point of the canyon - 
the point equidistant from the buildings - and 
lowest at points close to the façade of the buildings.  

According to Oke [9], the relationship between 
SVF and canyon geometry applies to the central 
point of the canyon. For this reason, the SVF of the 

centre point of all open spaces was extracted from 
the detailed SVF map. This was done using the QGIS 
tool 'Euclidean distance', which identifies points in 
urban spaces that are equally distant from any 
buildings. This resulted in a new type of SVF map, 
represented as a network of lines running through 
the midpoints of all open spaces: each point on 
these lines has a SVF value that depends on the 
distance to surrounding buildings.  This map was 
used to establish the expected value of the 
nighttime UHI intensity based on the SVF of the 
urban canyons, applying the relationship previously 
derived for Barcelona.  

The last step of the methodology was the spatial 
interpolation of the UHI values of the canyon 
network. This was done to up-scale the calculated 
point-by-point UHI values into a local-scale 
atmospheric UHI intensity, which is the result of the 
spatially averaged energy balance over a larger 
urban area. For this purpose, the inverse distance 
weighted (IDW) technique was applied to 
interpolate the UHI values, considering a radius of 
50 meters. The output map represents the expected 
spatial distribution of the nighttime UHI intensity at 
the local scale in Barcelona. 
 
3. RESULTS 
 
3.1 SVF and UHI intensity in Barcelona 

Equation 1 reports the relationship between the 
nighttime UHI intensity and the canyons’ SVF based 
on measurements: 

UHI Night = 3.7 - 2.1 SVF   (R2=0.58)        (1) 

The comparison with the relationship obtained 
from simulation results and the one reported by 
Oke [9] for European cities is reported in figure 1. 

Figure 1:  
Relationship between SVF and nocturnal UHI intensity in 
Barcelona based on measurement and simulation results. 
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The graph shows that the UHI intensity 
measured in Barcelona is lower compared to the 
one according to Oke’s relationship, for the same 
canyon SVF. However, this was expected because 
Oke’s correlation is based on the maximum 
nighttime UHI intensity, while the data used in this 
study correspond to the UHI intensity over some 
days of July, at 1AM.  

The comparison between measurements and 
simulation results reported in Figure 1 shows that 
the UHI intensity estimated by UWG is lower than 
the one measured in the eight urban canyons. The 
robustness of the relationship expressed by the 
coefficient of determination R2 is also lower for 
simulation-based results (R2=0.50) than 
measurement-based data (R2=0.58). For this reason, 
we used the measurement-based relationship to 
generate the UHI map.  

More data would be needed to validate the 
robustness of such relationship. However, this is out 

of the scope of this paper, whose main aim is to 
develop a methodology to generate an urban-scale 
map of the UHI intensity based on the spatial 
distribution of the SVF of the open spaces. 

 
3.2. Detailed SVF map of Barcelona 
The detailed SVF map of Barcelona is reported in 

Figure 2. The map depicts in grey scale the values of 
SVF of all horizontal surfaces, including roofs and 
streets. The SVF is expresses as a percentage (0-
100), representing the ratio of sky seen by the 
surfaces.  

The map clearly shows the different 
morphologies of the urban fabric of Barcelona 
determined by changes in building density, building 
typology and street network in terms of width of 
the streets and distance between intersections.  

The impact of trees on the SVF has not been 
included in this map. For this reason, the parks and 
squares of the city appear as white patches.  

Figure 2: 
Top) Detailed SVF map of Barcelona. Bottom) map of the UHI intensity of the open spaces. The SVF map is available online: 
https://barcelonatech.maps.arcgis.com/apps/webappviewer/index.html?id=b7c1817870714402b610cc847f22827e). 

 

3.3 Map of the UHI intensity across the city of 
Barcelona 

The bottom part of Figure 2 represents the map 
of the UHI intensity obtained by applying equation 1 
to the SVF of the middle point of open spaces in 
Barcelona. The UHI map was generated considering 
the SVF of the horizontal surfaces at the ground 
level (i.e. excluding roofs), in accordance with 
previous studies correlating the UHI to the SVF of 
the middle point of urban canyons [9]–[11].  

The map in Figure 2 provides two types of 
information. The colour of the lines indicates the 
expected nocturnal UHI intensity depending on the 

SVF of each point. In accordance with Equation 1, 
the UHI is higher in the narrow streets of the 
medieval city centre compared to more recent 
urban developments.  

The map also clearly shows how the density of 
the street network varies in different 
neighbourhoods, according to varying size of the 
blocks.  

The varying spatial distribution of the network 
of the open spaces allows to understand the 
resulting UHI intensity at the local scale, reported in 
Figure 3.  

 
 
Figure 3: 
 Map of the local-scale nighttime UHI intensity in Barcelona and zoom on four urban textures of different urban morphology 
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The local-scale UHI intensity map is the result of 
the interpolation of the UHI intensity of the open 
spaces network over a 50m radius. The average air 
temperature is in fact the result of a wider source 
area than each single urban canyon. For this reason, 
the local-scale UHI intensity depends on both the 
UHI intensity in each urban canyon and the spatial 
distribution of the network of open spaces at the 
neighbourhood scale.   

For instance, the texture 2 (Raval) is represented 
as a red patch, meaning that it is one of the hottest 
areas of the city during the night. This result is 
explained by the very low SVF of almost all the 
streets of that area, which prevents the urban 
surfaces to cool down at night by longwave 
radiation emission toward the sky.  

Conversely, the texture 4 (Gracia) shows some 
cool spots across the hot urban fabric. Such cool 
spots are the squares of the neighbourhood, that 
have a higher cooling potential at night thanks to 
the significantly higher SVF compared to the typical 
street geometry of this area. 

The texture 3 (Ensanche) is different from the 
previous cases for both block size and street width. 
The streets are wider, the block is larger and the 
frequent intersections in the street network 
increase the average SVF of the spaces between 
buildings. For this reason, this texture shows a 
lower UHI intensity at night 

Finally, the texture 1 shows a high variability of 
the UHI intensity, because of a high spatial 
variability of the SVF. In this area, the street 
network is wide and with frequent intersections, as 
in the texture 3. Conversely, the building typology is 
very different from the previous one. Ensanche is 
composed of compact building blocks, while Tres 
Torres is composed of isolated buildings with 
smaller footprint but very close to each other. For 
this reason, the SVF between buildings is very low, 
while the SVF of the main street network is high. As 
a result, the interpolated UHI map shows a red 
patch in the middle of each block and much lower 
air temperatures in the space in-between blocks. 
However, this result is doubtful because the urban 
morphology of this urban texture is quite different 
from a typical urban canyon, where the facades of 
the buildings is assumed to be continuous along the 
block. For this reason, the atmospheric UHI 
intensity in such urban texture needs to be verified 
with measurements.  

 
4. DISCUSSION OF THE RESULTS 

The results presented in this study have some 
limitations, based on the starting assumptions.  

We have assumed that the UHI intensity only 
varies with the SVF of the open spaces. On the one 
hand, this is a reasonable assumption for a climate 

like the one of Barcelona, where the sky is clear 
most days of the year and therefore both the 
incoming solar irradiation and outgoing longwave 
radiation are strongly dependent on the portion of 
sky seen by the surfaces. However, other variables 
may affect the local-scale UHI intensity, like 
vegetation cover and anthropogenic heat from 
buildings and traffic, which may vary significantly 
even among similar urban morphologies. 

Another limitation regards the validity of the 
relationship between SVF and UHI intensity, based 
on the simplification of the urban fabric to a series 
of regular - semi-infinite - urban canyons.  This is an 
effective approach to reduce the complex urban 
morphology to a single parameter - the SVF – which 
allows to solve the urban energy balance in the 
bidimensional section of the street instead of the 
three-dimensional urban geometry. However, when 
applied to real-world urban fabrics, an actual 
“canyon situation” is difficult to find.  

According to Oke [9], a urban canyon is defined 
by a ratio of the buildings height (H) to the street 
width (W) of more than 0.7 and a ratio of the block 
length (L) – distance between main intersections – 
to the building height above 6.  In these conditions, 
the bulk of the flow above the building arrays does 
not enter the canyon and a skimming flow regime is 
established and the urban energy balance can be 
calculated just considering the geometrical ratio of 
the street. However, considering such ratios of the 
building height, street width and canyon length, 
none of the urban textures in Figure 3 would 
comply with the canyon situation. These textures 
have a street aspect ratio above 0.7, but none of 
them has a block length of more than 6 times the 
building height, due to frequent intersections in the 
street network (Figure 4). 
 
Figure 4: 
Width and intersections of the street network in four 
urban textures of Barcelona 

 
In Gracia and Raval the width of the 

intersections is so small with respect to the block 
length that it is reasonable to assume a canyon-like 
situation. On the opposite, textures like Ensanche 
and Tres Torres cannot be modelled as semi-infinite 
bidimensional canyons, given the short distance 

 

between intersections and the discontinuity of the 
building facades.  

Indeed, there is no evidence to state that an 
urban area where the distribution of SVF is very 
heterogeneous (e.g. Tres Torres) would have the 
same urban climate as another urban configuration 
with canyon-like morphology with the same 
average SVF, as assumed in the urban climate 
models and maps produced in this study.  In fact, 
changing the building typology from a continuous 
block to isolated buildings in sequence has a strong 
impact on both the solar radiation absorbed by 
building facades and the anthropogenic heat 
emitted by the buildings into the atmosphere.  

Given the importance of this topic, the next step 
of the research will be aimed at comparing the 
anthropogenic and radiative heat fluxes of more 
complex urban geometries to the equivalent 
canyon-like urban configuration, in order to define 
the range of validity of a canyon assumption.  

 
5. CONCLUSION 

The study presented a methodology to map the 
local-scale UHI intensity based on high-resolution 
SVF data, measurements, and simulations of the 
UHI intensity. The methodology proved effective to 
generate a city-scale map of the hot and cool spots 
across the city.  

The results are deemed more reliable for those 
portions of the urban fabric that are more similar to 
a canyon-like configuration, considering both the 
vertical aspect ratio (H/W greater than 0.7) and the 
minimum street length (street length greater than 
six times the building height). These conditions are 
rare to find in a real city. For this reason, more 
investigations are needed to prove the validity of 
the urban canyon assumptions and to confirm the 
robustness of the correlation between SVF and UHI 
intensity.  
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ABSTRACT: Decarbonization of buildings requires a new and interdisciplinary approach to education across the 
building sector, including architectural education. The paper outlines three high-level goals of a proposed 
program: 1) promoting systemic understanding of buildings, climate, and energy; 2) grounding field-specific 
knowledge in the context of the building industry as a market system; and 3) iterating between abstract principles 
and applied contexts to learn, test, and expand knowledge. Principles from Legitimation Code Theory inform a 
proposed sequence of courses that move students through a sequence of alignment, divergence, convergence, and 
application over four semesters.  
 
 

1. INTRODUCTION 
The opportunity to decarbonize the building 

sector will require new capacities of architectural 
education. Passive and low-energy architecture are 
widely seen as foundational to needed change and 
future innovation. Buildings that use less energy 
enhance the promise and potential of new 
approaches including distributed renewable energy, 
building-integrated photovoltaics, automated 
construction, and deep energy retrofits of existing 
buildings. While architecture has long been 
considered an interdisciplinary field, there is a 
pressing need for increased coordination and 
collaboration with other fields. This paper explains 
the rationale behind a graduate education program 
proposed to address this opportunity and outlines 
the sequence of courses in the proposed program.  
 
2. OVERVIEW OF CURRICULUM AND LEARNING 
OUTCOMES 

The proposed program is organized around three 
high-level learning goals. 

 
2.1 Systemic understanding of buildings, 

climate, and energy 
There is a litany of calls for architectural education to 
include considerations of energy and climate 
(Cosper, 2018; Dubois et al., 2016; Reynolds, 1977) 
and for building science to be integrated into 
programs of construction management (Laquatra, 
2015) or engineering (King, 2010). Important efforts 
to respond to these gaps in knowledge have focused 
on establishing voluntary standards for built 
environment education. For example, the pilot 
BEEnow Built Environment Education® certification 
examines the curriculum of architectural schools to 
determine that desired elements are present. Other 

efforts to articulate building science education, such 
as PNNL’s “Guidelines for Building Science 
Education,” present a granular matrix of the skills 
appropriate across a broad swath of building 
industry jobs (Metzger et al., 2015). 
Recent work underscores the importance of 
instituting a systemic understanding of buildings, 
climate, and energy across the built environment 
workforce (Truitt et al., 2022). The proposed 
curriculum responds to these calls and adds to past 
efforts by focusing on the need to connect 
knowledge of building design and operation, the 
dynamics of climate and climate change, and the 
production, delivery, and carbon impact of energy 
systems. The proposed curriculum brings together 
three areas that have historically belonged to 
different academic disciplines. Thematic streams 
within the coursework of the proposed program 
focus on helping students make connections 
between disciplines and understand the 
interconnection of potential transformations within 
the distinct, but connected, fields of buildings, 
climate, and energy. 
 

2.2 Field-specific knowledge grounded in the 
context of the building industry as a market system 
To help students make sense of the interconnections 
between buildings, climate, and energy, the 
proposed program is grounded by distinguishing 
between three perspectives underpinning the field 
of energy transitions: the political, socio-technical, 
and techno-economic perspectives (Cherp et al., 
2018). These perspectives can help students see past 
the blind spots of particular fields. In the context of 
architecture, for example, much of Kiel Moe’s work 
has questioned the valorization of efficiency at the 
expense of a broader understanding of energy and 

 

emergy (Moe, 2007, 2017). Peggy Deamer’s work on 
labor has put a focus on architecture’s role in 
capitalist systems (Deamer, 2020). Considering these 
critiques from the multiple perspectives of political, 
socio-technical, and techno-economic can help shed 
light on a broader consideration of how the paths 
leading to alternative futures can be reshaped. 
The proposed program encourages students to see 
the building industry as a multifaceted market 
system (Araujo et al., 2010). Many theoretical 
perspectives from this dynamic field of work are 
broadly aligned with the socio-technical perspective, 
drawing from different strains of neomaterialist 
theory and theories of social practice. While there 
are important differences within and across these 
bodies of theory, many place value on specificity. Put 
another way, these theories contend that knowledge 
and action can only be understood in context. 
A core tenet of Legitimation Code Theory (Maton, 
2014), which draws from Bourdieuan field theory, 
contends that knowledge is field-dependent. This 
means that the form and content of knowledge itself 
varies across fields. In the context of the broader 
building industry, engineering knowledge is more 
likely to be abstract (knowing how to perform a 
certain calculation or procedure), whereas 
construction knowledge is more likely to be concrete 
(knowing how to work with a given material). 
Architectural knowledge combines elements of 
abstract and concrete knowledge with the additional 
requirements of telegraphing the right kind of 
knower, as expressed through preferences for (or 
against) particular architects and styles (Bean, 
2019b; Carvalho et al., 2009). The proposed 
curriculum engages the dimension of Specialization 
from Legitimation Code to highlight the difference 
between the logics underpinning architectural 
education and those operating in different building 
industry fields. 
 
2.3 Iterating between abstract principles and 
applied contexts to learn, test, and expand 
knowledge 
Legitimation Code Theory offers a body of 
pedagogical research with tested methods that can 
be used to operationalize the third principle 
underpinning the proposed curriculum: the iterative 
journey between abstract concepts and applied 
contexts. This type of iterative movement, famously 
described by Herbert Simon as having the goal of 
“changing existing situations into preferred ones,” 
(Simon, 1988) and evident in Schön’s documentation 
of the interaction between a design student and 
critic (Schön, 1984)  has long been a characteristic of 
design education in general and architecture 
education in particular. Legitimation Code Theory 
offers at least two rigorous, robust, and repeatable 

ways to proactively structure both curricular 
structures and discrete learning activities. One is 
evidenced by the body of work on the semantic 
wave: a mode of teaching that moves from abstract 
concepts, connects the abstract concepts to specific 
examples, and then moves back towards the 
abstract. This principle, which has been widely 
applied in the context of academic writing, has also 
been used to help teach chemistry (Blackie, 2014), 
identify learning opportunities in the teaching of 
fluid mechanics (Pott & Wolff, 2019), heat flow 
(Georgiou, 2015), and the second law of 
thermodynamics (Chinaka, 2021). A second 
opportunity is reflected in recent LCT work that 
develops the dimension of Autonomy  (Maton & 
Howard, 2020). Studies of Autonomy focus on how 
teachers and students can create effective bridges 
between different sets of practices, essential to 
efforts to advance systemic understanding of 
buildings, climate, and energy across the built 
environment. 
 
3. COURSE SEQUENCE 
The following sections outline the course content 
and goals of each semester. 
3.1 Semester 1: Alignment 
The first semester has two goals: 

1. Create shared knowledge of the potential 
of the built environment to address the 
climate crisis. Students will learn why 
passive and low-energy architectural 
strategies that deliver significant reductions 
in energy demand and load are critical to 
accelerate and scale the impacts of policy 
change and innovation in technologies and 
materials. This perspective will be learned 
through a class connecting core principles 
of passive building design to an 
understanding of climate and energy. 

2. Informed by educational theory on student 
identity formation (Holmes, 2001), help 
students construct a new identity as a 
future climate professional. This course is 
currently under development using an 
expert-mentor model, with guest lectures 
from professionals and academics at the 
cutting edge of their fields. Regular lectures 
and supporting materials, such as peer-
reviewed papers, newspaper articles, and 
online videos will supplement the lectures 
to help backfill student knowledge and 
provide a variety of entry points. In addition 
to their guest lecture, mentors will interact 
at several points during the semester with 
small groups of students, and will also 
describe to students their personal 
experience entering the building industry, 



EDUCATIO
N

 AN
D TRAIN

IN
G

W
ILL C

ITIES SU
RV

IV
E?

72

EDUCATIO
N

 AN
D TRAIN

IN
G

W
ILL C

ITIES SU
RV

IV
E?

73

 

helping to illuminate the diversity of 
pathways into and through built 
environment careers of influence. 

Two additional courses round out the first semester: 
one in real estate finance, the other focused on 
leadership and teams. These courses, which students 
will take alongside students enrolled in a graduate 
management program, will help bridge knowledge 
gaps in many architectural and engineering curricula. 
These gaps reduce the efficacy of professional 
architects and engineers because they must often 
learn basic business concepts on the job. In turn, 
these gaps create limitations on the ability of new 
professionals to exercise influence, especially early 
in their professional careers. 
 
2.2 Semester 2: Divergence 
After the immersive experience of the first semester, 
students will choose a concentration area, where 
they will work closely with a faculty subject matter 
expert in fields such as high-performance building, 
district energy, building-integrated photovoltaics, 
grid-interactive efficient buildings, or advanced 
materials. An intensive core course will cover key 
concepts and principles, while a case-study course 
will put this knowledge into social and theoretical 
context (Moore & Wilson, 2013). In a third class, 
students will undertake an applied consulting 
project. They will be teamed with students 
registered in professional business and information 
programs. These teams, which mirror cross-
functional teams common in industry, will 
encourage both the reinforcement of the general 
knowledge about climate, energy, and buildings 
students learned in their first semester, and will help 
students practice relating the specialized knowledge 
gained in parallel courses in their area of 
concentration to their teammates from other fields. 
This two-way knowledge flow is influenced by core 
concepts from studies of teaching and learning and 
will have the added benefit of spreading awareness 
of climate, energy, and buildings to students from 
other disciplines. 
Teams in the consulting class will work on a problem 
defined in partnership with an industry partner. 
Problems will be defined so that they demand 
students grapple with both the technical and 
strategic. For example, an HVAC company may be 
interested in having students work through 
problems and opportunities related to refrigerant 
changeover. Because refrigerant management and 
reduction have been identified as two of the greatest 
needs in addressing climate change and the need for 
cooling will only increase as the world continues to 
become warmer and more urban, this problem sits 
squarely at the nexus of buildings, climate, and 
energy. At the conclusion of the spring semester, 

students will be strongly encouraged to pursue a 
relevant paid summer internship. Program 
leadership will work with industry partners to offer 
students internship opportunities. 
 
2.3 Semester 3: Convergence 
Students will return in their third semester of the 
program for a collaborative studio-style course run 
in parallel with an advanced consulting course. 
Whereas the advanced consulting course will zoom 
in to address the complexities and nuances of the 
problem addressed in the first consulting course, the 
entire cohort of students will reconvene in a studio 
environment to learn in the context of a single 
building and site. Students may learn through an 
engaged studio or through a competition such as the 
Solar Decathlon, which has been shown to have 
great potential for high-impact teaching and learning 
(Bean, 2019a; Herrera-Limones, Millán-Jiménez, et 
al., 2020; Herrera-Limones, Rey-Pérez, et al., 2020; 
López-Escamilla et al., 2020). This semester will 
complete the transition to self-led learning, with 
each student charged with the responsibility to 
further develop their own area of expertise through 
application to a problem case. For example, if high-
performance building, district energy, building-
integrated photovoltaics, grid-interactive efficient 
buildings, and advanced materials are defined as the 
areas of concentration, students would be charged 
with integrating their research into a single, unified 
building design that demonstrates the potential of all 
five concentrations. The building program and site 
location will be chosen to map to pressing global 
challenges, such as the demand for high-density 
buildings in cooling-dominated regions (Kigali 
Cooling Efficiency Program, 2018), preparing 
students to work in a global context. 
 
2.4 Semester 4: Application 
The fourth and final semester of the program is 
intended to launch students into an impactful career 
in industry, at a nonprofit, or in government. 
Students will complete a thesis under the 
advisement of their concentration director and have 
the option of undertaking additional coursework or 
directed research to support their transition into the 
workforce. 
 
3. PEDAGOGY 
The program draws from established learning theory 
to shape both learner knowledge and identity. 
Significant and problematic social and professional 
barriers to change exist in existing built environment 
professions, for example between the values of 
architects, designers, and those in construction. In 
response, the pedagogy and structure of the 
program is informed by Legitimation Code Theory, 

 

which provides a framework for understanding the 
organizing principles that underpin professional 
fields. Graduates will benefit from connections with 
industry. These same connections will help affiliated 
faculty stay at the cutting edge in their fields and 
identify new and relevant research questions.  
 
4. CONCLUSION 
This paper outlines a proposed four-semester 
interdisciplinary program intended to instill a 
systemic understanding of buildings, climate, and 
energy. The program places passive and low-energy 
architecture in context with a systemic 
understanding of environment and energy while 
providing learners the opportunity to develop 
problem-solving and innovation skills in an applied 
context. 
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ABSTRACT: This paper aims at exposing the experiences with the process of distance learning during the pandemic 
period in which the University of Brasilia carried out its activities remotely. The object of analysis is the 
performance of the students of Architectural Project VI of the Faculty of Architecture and Urbanism.  It proposes 
to discuss the role of the BIM tool in the process of education of architectural projects. The method adopted for 
this work was divided into two phases. The first one referred to compiling theoretical information about e-learning 
in the field of Architecture and Urbanism.  The second phase consisted in the application of an online questionnaire 
to the undergraduate students who were taking the discipline “Architectural Project – Complex functions: Prisons”. 
In this stage, a qualitative analysis of data was sought to corroborate the theory identified in the previous stage. 
We can conclude that BIM can potentially contribute to achieving optimal results in the design process, considering 
the effectiveness of information exchange and communication. Project teams can also benefit from the interaction 
between members and collaborative tools, reaching better results. In the process of learning and developing 
projects at graduation, BIM also may signalize great possibilities to enrich the design process as a whole. 
KEYWORDS: BIM (Building Information Modeling), architectural e-learning, COVID-19 pandemic.  

  
 
1. INTRODUCTION 
      It can be argued that with the advent of Industry 4.0, 
a fourth industrial revolution is taking shape. This 
moment can be characterized by a strong technological 
slant impregnated in most processes. A few of them can 
be cited, such as the Internet of Things, the massive 
automation of industry with robotics, biotechnology, 
nanotechnology, and others [1].  
     In this sense, the impact of these changes has been 
discussed in the field of education, when speculating 
hybrid methods of tutoring. When the COVID-19 
pandemic started in 2019, education systems had to be 
reinvented, incorporating newer technologies and 
online systems as a solution for the social distance. From 
this point of view, a discussion about Education 4.0 
started to take place. 
       Long-distance Education appears as a fast, 
integrative and multimedia teaching modality, a digital 
technology that contributed for a potential massive 
information access [2]. This technology also made 
possible knowledge spread, providing conditions for 
continuity in the academic year during the mandatory 
quarantine period  [3]. 
     In this sense, the BIM (Building Information Modeling) 
tools may potentially collaborate to improve the new 
bottlenecks imposed by distance education when it 
comes to teaching Architecture and Urbanism. The core 
of BIM methodology is a collaborative framework in 

building design. In light of that, it can be argued that 
project teams may be benefited by using collaborative 
arrangements in order to improve the outcomes of a 
design [4]. 
      This paper aims at exposing the experiences with the 
process of distance learning during the pandemic period 
in which the UnB (University of Brasilia) carried out its 
activities remotely. The object of analysis was the 
performance of the students of Architectural Project VI - 
Complex Functions, a subject of the FAU (Faculty of 
Architecture and Urbanism). Thus, it proposes to discuss 
the role of the BIM tool in the process of education of 
architectural projects.  
       The present research is divided in two stages, 
consisting of a literature review about e-learning in 
architecture and BIM collaborative tools. Subsequently, 
the second phase is related to a qualitative analysis of 
data collected in a survey carried out with students 
enrolled in the discipline mentioned. A limitation of this 
research is that the data collected cannot be used for 
applied statistical purposes. It only intends to 
corroborate with the present discussion.   
 
 
 
 
2. ARCHITECTURE AND URBANISM E-LEARNING  
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     The COVID-19 pandemic of 2020 may have exposed 
social problems in Brazil, as well as in the world, such as 
inequality and lack of access to education for a large part 
of the population. Given this situation, in-person classes 
were completely suspended, starting a race in search of 
the best e-learning methodology that could meet the 
needs of a student population as diverse and unequal as 
the Brazilian one. 
      Distance learning and remote emergency activities 
occurred at different paces in Brazil. For private 
education institutes, e-learning activities occurred more 
fluidly and rapidly due to previous experience with 
technology and the natural pressure to maintain the 
academic calendar. In the public sector, some 
universities chose to paralyze classes, partially or totally. 
Given the impossibility of ensuring equal conditions for 
students and professors to establish remote activities 
[5].  
      In the field of Architecture and Urbanism teaching, 
attempts to develop an online undergraduate teaching 
model proceed after the occurrence of the 2020 COVID-
19 pandemic. Some regulatory agencies associated with 
the career have positioned themselves recently with the 
intensification of the debate due to the pandemic 
outlook, such as the CAU-BR (Brazilian Council of 
Architecture and Urbanism). There has also been 
notorious discussion about online architecture 
education on a global scale [6].  
   The concern of professional entities is genuine, 
however, given the situation of seclusion that was 
imposed by social isolation, e-learning came up as a 
suitable solution. Therefore, for the implementation of 
distance education, it was necessary to make important 
adjustments regarding pedagogical, technological skills 
or even the adaptation between the pedagogical model 
and the new reality, enhancing resources [7]. 
     In relation to students, some issues urge to be pointed 
out, for instance, mental and physical problems caused 
by social isolation. Recently, RIBA (Royal Institute of 
British Architects) published a survey conducted with 
students during the pandemic. The results state that 58% 
of the students have mental health problems, 39% 
responded that their physical health had worsened, 45% 
isolated themselves [8]. 
      Few researches discuss the impacts of the pandemic 
on the general education scenario, specifically in 
architecture. One may argue that the pandemic, on a 
global scale, exposed limitations and problems faced 
collectively. Precisely, in Brazilian reality, aspects such as 
the educational deficit, social and health problems and 
economic factors have raised the debate on the 
effectiveness of measures and actions of the current 
government in mitigating the effects of the pandemic. In 
public education, it can be said that political issues have 

a great impact on the government’s investment in the 
successful implementation of e-learning technology. 
 
 
3. BIM COLLABORATIVE TOOLS AND EDUCATION 
       When it comes to teaching Architecture and 
Urbanism, computational tools to support the 
development of architectural projects and products are 
commonly used. With the advent of new, more robust 
data technologies, software for architecture can be 
pointed as a key piece for learning. BIM tools 
increasingly appear as an alternative for project 
development, having potential for remote 
collaborations between various figures in the 
architectural process [9]. Yet, undergraduate didactic 
experiences using BIM methodology are still in a very 
early stage.  
    Information management in project development 
generates an impact on the final quality of the product, 
and it is extremely important that the information is 
available to professionals at all stages of the project, as 
decision-making performed inaccurately affects the 
quality of the project [10]. Furthermore, BIM must not 
be resumed as an application of computational tools, but 
also as a set that requires integration, collaboration, 
interoperability and multidisciplinary environment [11].   
  Collaboration implies outlining objectives and 
responsibilities, as well as results to be achieved. In this 
sense, it is essential to create innovative tools and 
solutions. Collaborative tools appear in the civil 
construction field to allow the development of online 
products. For instance, on-line CAD red-lining, markup, 
forums, logs registration, workflow and so on [12,13]. 
These tools enable team engagement and can deliver 
results that cannot be achieved by one. 
     To accomplish collaboration in the design process, 
interoperability and information integration are central. 
It is critical to exchange files effectively, using software 
and project methodologies that enable lean design 
progress. In this sense, interoperability can enable the 
creation of new value propositions, based on innovation 
values. To summarize, BIM process in architectural 
projects can be considered a highly collaborative process 
[14, 15]. 
      It is argued that the slow adoption of the BIM 
methodology is mainly due to the lack of advanced 
computational sets and software maturity required to 
develop accurately complex industrial design 
applications [16]. Even having overcome some of the 
technological barriers, in Brazil, the adoption of BIM still 
happens slowly and heterogeneously across the country. 
This fact can be explained by the low professional 
training in BIM software, difficulties to change project 
paradigms and lack of investments.  

 

    In education, Through the possibilities that the BIM 
offers, its use in the classroom can enable a 
collaborative/integrated work between teachers of 
different areas of the same subject. Consequently, 
digital technologies associated with a change in project 
culture and in the way, professors think can help renew 
architecture and urbanism teaching by facilitating the 
process of knowledge integration in the Architecture 
course [17].  
 
 
4. THE DISCIPLINE  
     The subject Architectural Project VI – Complex 
Functions – is one of the compulsory subjects in the 
curriculum of FAU, at UnB. The general goal of this 
discipline is the exercise of architectural design of 
complex functions, strengthening the design process. 
This proposal is based on an approach to the design 
process, in an integrated and systemic way. On the other 
hand, the course aims to develop, test, and demonstrate 
architectural and constructive solutions and space 
concepts, contributing to the innovation and 
sustainability of the productive chain of the construction 
industry, focusing on penitentiary facilities.  
       The course is organized in four units (Table 1), which 
content follows a sequence that starts from broader 
conceptual issues of contextualization and foundation of 
architecture, followed by project development stages 
and their constraints. The final product is a preliminary 
project of penitentiary facilities developed by student 
teams [18]. 
 
Table 1:  
The discipline organization and its proposed activities 
highlighting the learning methodology proposed  
 

Units  Activities proposed  
Unit 1  
Theoretical stage  
(Research and 
presentations) 

Preparatory – Introduction 
Research: Technical conditioners  
Research: Project case studies – 
references  
Research: Technological solutions  

Unit 2  
Conception 
(Studio work and 
presentation) 

Design of a master plan and 
chronogram  
Design practice focused on project – 
Brainstorm session   
Synthesis phase and prelaminar 
critical analysis  
3D Physical volume studies – 
Brainstorm session  
Conception of Building Design  
Final 3D physical model volume  

Unit 3  
Design 
development 

Prelaminar Study development  
Products: Implantation studies, floor 
plans, facades, sections, internal and 

(Studio work and 
presentation)  
 

external perspectives, virtual and 
physical 3D models.  

Unit 4  
Results  

Compilations of theoretical and 
practical findings   
Final presentations  
Overall evaluation of the semester   

 
       In the semester this work was registered, seventeen 
students took part in the subject, all of them regular 
Architecture students at UnB. The activities were 
performed online through the Microsoft Teams 
platform. The exchange of files and activities were done 
online through the Google Drive platform. The course 
had two weekly meetings, each one lasting a maximum 
of four hours. The course dynamics made these 
meetings flexible, with theoretical classes, team 
assessment, time for product development, and delivery 
presentations.  
      It is important to highlight a study carried out during 
the pandemic to characterize the overall student’s 
situation and the viability of fully engaging in a long-
distance education scenario. According to that Report, 
82,10% of FAU’s students use a personal computer for 
education purposes [19]. Regarding Internet connection, 
48,8% of the students accounted to have problems with 
quality and stability of signal. Moreover, 78,4% of 
students described their home environment as totally or 
partially appropriate to e-learning. In particular, all 
participants enrolled in the discipline in the present 
research had full access to the Internet, computers, 
software of architecture and communication. 
 
 
5. METHODOLOGY 
     The method adopted for this work was divided into 
two phases. The first one referred to compiling 
theoretical information about e-learning in the field of 
Architecture and Urbanism. Also, it was sought to 
theoretically define the attributes of BIM in the 
construction of a distance learning method. In this 
regard, a systematic review of articles was carried out 
using the Spocus, SciELO and Web of Science databases. 
The keywords searched were: “teaching”, “architecture” 
and “BIM”. A time frame of publications from 2000 to 
2021 was used. Only peer-reviewed articles were 
selected.    
     The second phase consisted in the application of an 
online questionnaire to the undergraduate students of 
Architecture and Urbanism who were taking the 
discipline “Architectural Project – Complex functions: 
Prisons”. In this stage, a qualitative analysis of data was 
sought to corroborate the theory identified in the 
previous stage. Through an online platform, Microsoft 
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Forms, the students were able to anonymously evaluate 
the performance of the subject, the main challenges of 
the online semester, positive points and their own 
learning level during the semester.  
   The Questionnaire was divided into two main sections. 
In the first part of the questionnaire, the students were 
invited to evaluate parameters referred to four different 
categories, for instance: Methods of the discipline, 
Pedagogical mediation by the tutors, teamwork and final 
products using BIM. The subsequent parameters are 
listed below:  
 

● Methods of the discipline:  
Clarity of the method 
Sequence of Activities 
Proposed Works (products developed) 
Engagement in activities 

 
● Pedagogical mediation by the tutors:  

Objectivity 
Effectiveness 
Assistance 
 

● Team work using BIM – Process: 
Members Engagement 
Productivity 
Sharing work effectiveness 
 

● Final products using BIM – Results:  
Level of Works (products developed) 
Students Engagement 
knowledge acquisition 
 

For this section, the students could show their 
contentment regarding the topics using a Likert scale 
spired version. One could respond rather if it was an 
unsatisfied, neutral or satisfied experience throughout 
the semester.  
       The Second part invited the participant to elaborate 
a short answer (up to one hundred words) illustrating 
the negatives and positives points experienced in e-
learning and developing a project in BIM software. The 
results of the first section of the questionnaire were 
analyzed and compilated as to indicate the percentage 
of satisfaction in participant’s opinion regarding the 
parameters presented (Table 2 and Figure1). The second 
part of the data was combined in a table of most words 
used in answers collected (Table3).  
 
 
6. RESULTS  
     Motivating and engaging students in e-learning 
activities configured a major challenge throughout the 
role process of the discipline. It can be argued that the 
level of engagement by the students has a direct effect 

on learning and in the quality of the final products 
expected to be due during the activities. As shown in the 
first part of table 2, 9,1% of students reported to be 
unsatisfied with engaging in activities, as 27,3% felt 
neutral about the products developed.  
     Among the positive points listed by the students, the 
presence of an aligned and concise method was essential 
for the proper progress of the proposed and performed 
activities. The pedagogical assessment by the tutors also 
played a key point according to the student’s opinion 
(Table 2)  
      Another important topic was the use of BIM tools by 
the students, which enabled a greater fluidity of design 
development, information integration, and the 
collaboration of all parts involved in a remote and safe 
way. However, 45,5% of students reported to be 
“neutral” referred to the experience of “Sharing Work 
Effectiveness” (table 2). This may indicate that planning 
and using correctly tools to maximize the design process 
and its results in BIM environments is still a challenge 
that needs to be addressed. Students also reported the 
difficulty to collaborate due to file incompatibilities 
between different BIM Software. 
 
Table 2:  
Results of the first part of the questionnaire.  Categories of 
analyses used and its subsequent Items evaluated by the 
students.  
 

Parameter Evaluated  Unsatisfied 
(%) 

Neutral 
(%) 

Satisfied 
(%) 

1. Methods  
Clarity of the method 0 % 0 % 100% 
Sequence of Activities  0 % 16,2% 81,8% 
Proposed Works 
(products developed) 

0 % 27,3% 72,7% 

Engagement in activities  9,1% 9,1% 81,8% 
2. Pedagogical mediation  

Objectivity  0 % 0 % 100% 
Effectiveness 0 % 9,1% 90,9% 
Assistance 0 % 0 % 100% 

3. Team Work -Using BIM 
Members Engagement 0 % 18,2% 81,8% 
Productivity 9,1% 18,2% 72,7% 
Sharing work 
effectiveness 

0 % 45,5% 54,5% 

4. Final products proposed – Using BIM 
Level of Works  0 % 27,3% 72,7% 
Students Engagement  0 % 27,3% 72,7% 
knowledge acquisition 0 % 9,1% 90,9% 

 
 
 
Figure 1:  
Graphic showing student’s overall level of satisfaction having in 
consideration the items previously demonstrated in Table 1 

 

 
     
    Another point was the students’ preference for 
parametric BIM modeling over physical 3D models. The 
students also showed greater agility in the process of 
making boards and delivering products at the 
preliminary design level using BIM software. It can be 
inferred that the use of BIM brought greater agility, 
assertiveness, and flexibility to production. In general, as 
illustrated in figure 1, the overall level of satisfaction 
reached over 82% of the parameters judged by the 
students enrolled in the discipline.   
 
Table 3:  
Results of the second part of the survey. Most common words 
used by the students in answers  
 

Words Number of repetitions in 
answers 

Communication 25 times 
Difficulty 20 times 

Organization 16 times 
Connection 15 times 

Group 13 times 
        
     It was possible to infer through the meetings in the 
entire semester that students were facing personal 
concerns related to the unique moment stated by the 
pandemic. Far more than healthy concerns, difficulties 
on a daily basis related to household issues, lack of 
proper setting to work and study at home, difficulty to 
communicate due to internet connection quality, 
contributed to intensify the insecure scenario. 
       In short answers, a positive point enumerated by the 
participants was the flexibility of working time to 
produce and study. Also, saving time due to no needing 
to commute appeared as a benefit of e-learning classes. 
As a result, groups reported having longer time to 
produce and organize their own duties.  Moreover, using 
BIM software since early stage of design concept was 
pointed out as a key factor to optimize time and work on 
development stage of design. 
     The negative aspects recorded by the participants 
(table 3) in this analysis conceivably rely on a core 
matter: Communication. By means of all technological 

tools discussed previously that viabilities project design 
development and long-distance learning, altogether 
requires a high settings of communication proceeds, 
data exchange and the most important, the correct 
assimilation of information by the involved ones.  
     In Summary, objectivity to tackle design issues and 
develop solutions closely with the groups of students 
was a major concern with online assessment by the 
tutors.  
 
 
7. CONCLUSION 
      Among all the challenges imposed by the COVID-19 
pandemic starting in 2020, education had to go through 
major paradigm shifts. The challenge of implementing an 
e-learning system that would meet the demands 
efficiently was a process of great resilience. In general, 
the results of the present research carried out with 
undergraduate students of Architecture and Urbanism 
at UnB point to positive evaluations by the students, 
indicating a satisfactory learning outcome. 
     A large part of the discipline’s success may have been 
assured by the students’ degree of commitment and 
maturity, as it was a group that was about to graduate. 
In addition, the good quality of Internet access, 
computers and software were also a fundamental 
element to ensure students' learning. On the other hand, 
this reality does not generally apply to the UnB 
population.  
     BIM can potentially contribute to achieving optimal 
results in the design process. The effectiveness of 
information exchange and communication can be cited 
as benefits. Project teams can also benefit from the 
interaction between members and collaborative tools, 
reaching better results [20]. In the process of learning 
and developing projects at graduation, it can be said that 
BIM also may signalize great possibilities to enrich the 
design process as a whole. 
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ABSTRACT: The mini wind lab project is a concept of a low-cost, open-source and portable teaching platform to 
perform simulations of wind flow on scaled building models. A first prototype of this tool was developed by a team in 
the Spatial Information Architecture Laboratory at RMIT University and its target audience were students of 
architecture and design. The main aspect of this platform is the integration of digital and physical technology for  
empirical experience of experimentation with the same tool (a physical mini wind tunnel, Arduino sensors and 3D 
software). With this approach, this tool allows non-wind expert students to plan, setup, perform and visualise 
experiments of wind simulations in real time, with a low level of knowledge and training. Thus, students can learn 
about analysis of aerodynamic phenomena near buildings, such as wind flow acceleration, turbulence and wind 
discomfort issues for pedestrians.  
This paper presents a new version of this easy-to-use and low-cost tool that integrates fully open source technology, 
with additional simulation and visualisation techniques. The final aim of this project is to develop all the parts of this 
platform as a Do It Yourself kit for universities. 
KEYWORDS: Wind tunnel, Urban Aerodynamics, teaching tool, urban wind, wind simulation  
 
 

1. INTRODUCTION  
    Phenomena that conform to what we would call the 
micro-climate of our near environment, such as urban 
temperature, humidity and wind, are something 
difficult to visualise and quantify in non-specialised 
contexts. Aspects like air flow or wind in urban contexts 
are even more difficult to understand for most people, 
including architects, because of their lack of 
understanding of the science of fluid dynamics [1]. And 
this frequently means wrong conclusions about how 
airflow interacts with the shape of buildings [2]. Even 
though this kind of knowledge is more and more 
important for areas such as Sustainable Design, in many 
architecture and design schools there are not teaching 
programs that involve understanding wind simulation 
on buildings, because of the high, sophisticated and 
expensive technologies needed for these tasks. In 
addition, the experimentation methods and the basis of 
architectural science are not well implemented in many 
architecture school methodologies. On the other hand, 
there are limited digital tools for rapid urban climate 
analysis (especially for urban wind analysis) that are low 
cost, user-friendly, visually effective and with a teaching 

approach for architecture students [3]. But, either they 
are add-ons that depend of expensive 3D software 
(LadyBug Tools) or are not available any more 
(Autodesk-Vasary). Thus, there is a gap between the 
comprehension of wind phenomena around buildings 
and the methods to communicate and practice this 
knowledge to architecture students. New teaching tools 
are needed to introduce architecture students in the 
knowledge of complex scientific concepts, numerical 
data and analysis of microclimate and environmental 
design. Rather than using a traditional approach of 
book reading, I proposed a teaching method based on 
the use of Interactive Interface Technology [4], to allow 
students to explore, operate and visualise microclimate 
phenomena and data. For this reason, a team of 
Architects and Engineers have developed a concept for 
an easy to use and low cost platform for urban 
aerodynamic simulation and teaching in architecture 
and design schools. This platform involves digital and 
analogue technology for empirical experience of 
experimentation of the wind phenomena. The main 
idea behind this approach is the use of a mix of 
technologies to produce an augmented reality interface 
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to visualise and understand non-visible phenomena and 
their complex data in a graphical way. At the moment, 
this concept has been developed and tested at the 
prototype level, in the Spatial Information Architectural 
Laboratory, between 2014 and 2016 [5]. The concept 
presented in this paper is an evolution of this first 
prototype, that includes new techniques of visualisation 
and the goal is to develop it as a Do It Yourself kit, 
available as an open source project and with a focus on 
pedagogical practice. 
 
2. THE MINI WIND LAB CONCEPT 

The mini wind lab project is a concept of a low-cost, 
open-source and portable teaching platform to perform 
simulations of wind flow on scaled buildings models. It 
was developed by a team in the Spatial Information 
Architecture Laboratory at RMIT University and its 
audience target are students of architecture and 
design.  The main aspect of this platform is the 
integration of three simulation methods in the same 
tool, to conform a progressive workflow that conducts 
wind experiments. The idea of this strategy is to help  
non-wind expert students to plan, setup, perform and 
visualise experiments on wind simulations with a low 
level of knowledge and training. 

The three components proposed to conform the 
complete workflow of the mini wind lab are: 1) an 
interactive simulation system with projection mapping 
technology to generate a first visualisation of wind 
patterns; 2) a numerical simulation system using open 
source CFD technology, 3) and a physical simulation 
system, that is based on a physical air flow tunnel using 
low cost wind sensors and Arduino technology (Fig.1).  

 
Figure 1: Mini Wind Lab Project. 

 
The first developed prototype of this platform only 

included a mini physical airflow tunnel, an Arduino 
controller with wind sensors, and the use of 3D 
software to graphically visualise the data from the 

sensors in real time. However, there were some 
limitations, because the 3D software used to visualise 
the data was expensive and not Open Source, and it 
was difficult for the students to design the experiments 
and setup the location of sensors, without some 
training and knowledge about wind movement 
patterns. This new concept proposes a more complete 
workflow and additional open source technology to 
resolve these issues. 

With these additions and changes, the new Mini 
Wind Lab’s aim will be to allow students to run 
empirical experimentation methods to understand the 
wind movement around their building designs. With the 
mix of techniques and new accessories, the platform 
would allow using the outputs from one simulation to 
refine the settings of the next experiment in an iterative 
and intuitive process. 

This tool is not for an accurate simulation of the 
wind phenomena, but it is suitable for preliminary 
understanding of aerodynamic phenomena near 
buildings, such as wind flow acceleration, airflow 
velocity fluctuations and turbulence intensity. In this 
way, it can be useful for students of architecture, 
landscape design, urban design and industrial design. 
Here, a basic knowledge of wind will be useful in the 
teaching programs of schools, and this tool could be 
valuable if the university doesn’t have dedicated 
facilities for these areas. 

At the moment, this concept is under a planning 
process to complete the final methodology and get 
some funding to build a new real model at a Chilean 
university.  

 
2.1 The tangible user interface module  

The first component of this platform is a tangible 
user interface (TUI) that would allow students to 
interact with digital information through the physical 
models of buildings. The advantage of this technology is 
the possibility of overlapping different layers of 
information (drawings, physical models, digital 
simulation). This method facilitates the compression of 
complex phenomena through the interactive 
manipulation of the models. Also, facilitate the 
collaborative discussion of the participants in a team. In 
fact, this approach has been used for experiments on 
urban planning in the MIT Media Laboratory [6]. 

Thus, the mini wind lab project could use this 
technique with a projection mapping system that 
projects a particle flow on three-dimensional building 
models. The idea is to simulate 2D patterns of wind 
around a model scale. This idea is based on the TTTHub 
project [7], developed by Flora Salim’s team as an 
experimental tool for urban wind simulation (Fig.2).  

 

 
 

 

Figure 2: TTTHub project. An example of Tangible User 
Interface (TUI) to visualise urban wind flow [8]. 
 

The TUI would be the first part of a workflow where 
students will run a digital simulation on their models, to 
visualise the possible main wind patterns. With this 
preliminary information, they can understand the 
global context of their area of study, discover many 
areas of urban wind flow for further study, and define 
key aspects to setup the experiments with the mini 
wind tunnel, such as the location and position of the 
wind sensors. 

The TUI module will have hardware elements and 
one software: the first element is a LiDAR scanner that 
will capture the shapes and position of the scale 
models. With that information, software on a PC can 
generate a digital 3D model and run a flow simulation 
(using a two-dimensional flow simulation algorithm). 
Finally, the visualisation of the flow will be overlapped 
on the physical model with a simple projector device. 
Moving the models’ position will change the patterns of 
the flow in real time, and that will be displayed by the 
projection mapping system (Fig.3). This 2D simulation 
involves limitations, but in this context, it is fine 
because it is intended for qualitative and semi-
quantitative educational demonstrations.    

 

Figure 3: TUI module diagram for the mini wind lab. 
 
2.2 The mini airflow tunnel (2014-2016) 
   The second module is a mini low speed airflow tunnel 
that includes an arduino controller connected to wind 
sensors. This arduino platform will be linked to 3D 

software to visually display the airflow data in real time 
(Fig.4) [9].   

 
Figure 4: 3D graphic visualisation of sensor data in real time. 
 

The original mini airflow tunnel project was the first 
prototype of the current Mini Wind Lab project. This 
tool involved the main concepts proposed for the mini 
lab, and it was built and tested from 2014 to 2016, in 
the current teaching environment with students of 
elective courses at RMIT University, in the CAADRIA 
conference Workshop and the SmartGeometry 
conference workshop [10]. 

For this new version, the mini airflow tunnel module 
will use a new digital platform for visualisation with 
open source 3D software linked to arduino sensors. The 
options for 3D software to connect to sensors can be 
Blender 3D or FreeCAD. Both are powerful software 
and can be adapted to work with hardware in real time. 
The task here will be to develop the necessary scripts to 
connect both systems.  

The platform of electronics components has being 
already developed and tested in the first version of the 
mini airflow tunnel. The low-cost sensors are easy to 
find on the market [11]. The arduino technology is a 
powerful and easy to use system that provides the 
necessary components for control and sensing (Fig.5).  

 
Figure 5: Commercial low cost wind sensor. 
 

The structure of the mini airflow tunnel has a 
modular design to be built with low-cost materials 
(MDF panels), using a laser cutter machine (something 
very common in Architecture and Design Schools). With 
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an assembly design, it can be adapted for different sizes 
and also can be dismantled to be relocated to a new 
facility (Fig.6).  
 

Figure 6: Mini wind tunnel structure. 
 
2.3 Open Source environmental simulation system 
   The third module in the workflow of this Mini Wind 
Lab is a group of Environmental Simulation tools to run 
quick simulations. The idea is to extract results using 
these tools and overlap this information into the mini 
wind tunnel real-time visualisation. This way, it would 
be a comparison point for information that sensors are 
providing. There are a group of powerful and open 
source tools that can be used in this module: The 
Ladybug Tools plug-in for Rhinoceros 3D and Blender 
3D is the first option. It includes features for different 
kinds of simulations using Radiance, EnergyPlus/ 
OpenStudio, Therm/ Window and OpenFOAM. An 
additional option is FreeCAD and its module CFD 
Workbench that can be used for airflow simulation. For 
a more complete graphical visualisation of the data, 
Paraview is a perfect option (Fig.7).  
 
 
 

 
Figure 7: 3D visualisation of several data layers (model, 
CFD simulation, arduino sensor data). 
 
     The use of this tool will not only allow to extend the 
comprehension of environmental phenomena around 
buildings, for students. Also, their results can be used to 
project the information with the TUI. This way, the 
information can be represented in an augmented 
reality environment, with physical models displaying 
digital information. 

 
 
3. MULTIPLE VISUALISATION METHODS 

The main strategy proposed with the use of the Mini 
Wind Lab is to integrate and overlap different 
techniques of simulation and visualisation. Using 
Tangible User Interface (TUI) techniques, arduino and 
sensing technology, and simple CFD simulation, it is 
possible to recreate an augmented reality effect. With 
these overlapped layers of information, we can 
facilitate and extend the comprehension of students 
about wind and other possible environmental factors, 
using visual and graphical images in a physical and 
interactive environment, and with low cost resources 
[12]. The benefits of TUI tools for visual teaching, 
intuitive learning and team work are well documented. 
With the integration of real time sensing data 
visualisation, more possible workflows can be 
developed by students, while they learn about various 
technologies and experimentation methods (Fig.8). 

Figure 8: Cognitive diagram of the mini wind lab platform. 
 
 

4. CONCLUSION 
New teaching tools are needed to introduce 

architecture students to the knowledge of complex 
scientific concepts, numerical data and analysis of 
microclimate and environmental design. Rather than 
use the traditional approach of book reading, it is 
proposed a teaching method based on the use of  
Interactive Interface technology, to allow students to 
explore, operate and visualise microclimate 

 
 

 

phenomena and data. This paper presents the lastest 
version of a Mini Wind Lab concept that is possible to 
build using almost only low cost, open source tools. The 
approach that is tested with this tool is a multiple 
visualisation method, integrated into a single platform 
to conduct empirical and early stage simulations for 
educational purposes.  A first prototype has been built 
and tested in teaching environments (international 
workshops and courses). The new version of this Mini 
Wind Lab implements a fully open source workflow and 
Tangible User Interface system. In this way, this 
platform will facilitate the understanding of wind 
phenomena for Architectural and design students in a 
friendly and ludic way. 
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ABSTRACT: This article describes the collaborative creation of the curriculum for a new eLearning programme on 
daylighting design of buildings targeting both traditional and lifelong learners. The programme consists of an 
online platform integrated with a summer school for practical applications. The curriculum was developed 
through several workshops with professionals, representatives of national bodies on building regulations, 
academics, and a survey distributed among professional and potential users. The goal was to create a curriculum 
able to match the educational needs of society and the status of research by bridging the current gap between 
requirements set on daylighting by the latest regulation and the low level of education on daylighting in 
university curricula. 
KEYWORDS: NLITED; daylighting education, online platform; eLearning programme. 
 
 

1. INTRODUCTION 
This article describes the collaborative 

curriculum creation for an eLearning programme on 
daylighting design of buildings to target both 
traditional and lifelong learners. The process was 
conducted with professionals, representatives of 
national bodies dealing with building regulations, 
and academics. The goal was to build a curriculum 
able to meet the educational needs of society while 
reflecting the state-of-the-art of the current 
research on daylighting.  

Research on daylight design has experienced an 
actual golden age during the past twenty years. 
Recent progress, like the widespread adoption of 
climate-based daylight modelling [1], the increased 
consensus on daylight glare prediction metrics [2], 
the advances on photobiology [3], the inclusion of 
daylighting into the procedure to calculate the 
energy demand for a building [4], have provided 
legislators and building professionals with new 
instruments to design for optimal daylighting. These 
are based on a synergy of goals related to energy 
saving, comfort (visual and thermal) and health for 
the occupants.  

However, if on the one hand new knowledge 
entered national building codes, certification 
schemes (LEED, BREEAM, WELL) [5-7], and 

standards (EN17037:2018) [8], on the other hand, 
daylighting education is surprisingly missing in many 
architectural and engineering curricula [9,10].  

As a result, professionals are asked to comply 
with daylight requirements, having received little to 
no specific education on the topic. There is a 
tremendous urgency for courses that could cover 
the needs of professionals at any development 
stage of their daylighting design education.  

A new educational project devoted explicitly to 
daylighting education was conceived and made 
available online [11]: it is complementary to 
traditional curricula, modular, and is intended for 
both traditional students and life-long learners. 

 
1.1 A new educational project 

Studies that report knowledge gaps on 
daylighting education highlight widespread 
confusion over terminology, lack of knowledge on 
daylight regulations and standards, and poor use of 
daylighting design. This holds true even for students 
who attended courses where daylighting was also 
formally taught [9,10]. A picture emerges in which 
rudimentary knowledge is provided but little ability 
to apply is observed. 

The educational project New Level of Integrated 
TEchniques for Daylighting education (NLITED) was 

 

created to bridge this knowledge gap. Four 
European partners coordinate the project: Niccoló 
Cusano University, Technical University of Denmark 
(DTU), Gdańsk University of Technology, and Lund 
University (LU). The project is co-funded by the EU 
Erasmus+ Programme.  

One of the EU priorities is to impact society by 
involving stakeholders. In this sense, the project is 
based on a dense network of interested parties. A 
wide range of partners has been involved in each 
country, including educational institutions, building 
associations, construction companies, daylighting 
associations, and technical publishers.  

The educational project offers a package based 
on an eLearning platform combined with summer 
schools. In this way, in-depth theoretical courses 
are provided online, while the summer school 
allows for collaborative hands-on sessions and 
networking. The platform was launched in January 
2022, and a first summer school in Denmark was 
attended by 21 students in August 2022 [12]. 
 
2. METHODS 
2.1 Workshops and questionnaires 

Since the eLearning programme also targets 
professionals, the project coordinators decided to 
involve the stakeholders since the development 
phase of the curriculum. Such approach allowed the 
creation of a curriculum tailored to the needs of the 
target groups. The process documented in this 
paper supported the definition of an accurate need-
based educational proposal.  

Online workshops in the form of focus groups 
were conducted in the four partner countries. Each 
country organised three to four workshops with up 
to eight participants each. Invited participants were 
selected from the national networks of 
stakeholders.  

In total, 14 workshops were arranged, with 63 
participants, 37% of them coming from companies 
(architectural 11%; consultancy 21%; 
manufacturing-producing window manufacturers 
5%), 5% from national bodies dealing with building 
legislation, and 58% from academic teaching staff 
(university professors 47%; consultant 11%).  

A standardised procedure was adopted for the 
workshops, with the scope of ensuring consistency 
of responses across the four countries. All steps, 
including invitations to participants, questions to be 
asked, online questionnaires, were drafted and 
collected in a guidance document.  

A first draft of the curriculum was created and 
sent out to the participants some days before the 
event. Such draft curriculum resulted from a 
previous brainstorming between the coordinators 
of NLITED. The reason for sending it was to have 
participants with a common understanding about 

the subjects to be discussed during the workshop 
(Table A1).  

One of the key features of such document was 
that teaching topics were divided into modules, 
conceived as minimum learning units. Other key 
points were that the modules were independent of 
each other (mix-and-match), self-paced, and with 
no prerequisites required. The modules were 
created to grant 1 ECTS each.  

Each workshop lasted between 180' and 240'. 
Depending on the audience, it was conducted in 
either English or the national language. It consisted 
of two parts.  
1. The first part was a traditional focus group 

based on a semi-structured template to address 
the following subjects: daylight design practice 
and education, definition of necessary 
competencies, practicalities about e-learning, 
and opinions on the summer school. The 
template included main questions and detailed 
questions to be used in case of deadlock or to 
deepen concepts that have emerged (Table A2).  

2. The second part consisted of a questionnaire 
distributed to the participants at the end of the 
workshop. It consisted of closed-ended 
questions asking for each daylight topic whether 
it was strategic to be included in the curriculum. 
53 responses were collected (Figure A1).  

 
After that all workshops took place, another 
questionnaire was developed and spread through 
social media to potential trainees of the eLearning 
programme. Also, this second questionnaire 
contained the list of topics of the draft curriculum 
(Table A1). In this case, the respondents were asked 
to indicate which topics (listed in Table A1) they 
would be interested in following through the 
eLearning platform. 60 questionnaires were 
returned. A total sample of 113 responses was 
therefore collected through the two rounds of 
questionnaires. Figure A1 illustrates the results. 
 
2.2 Data analysis 

The workshops were transcribed verbatim, and 
the textual material underwent content analysis. 
The first topic, ‘daylight design 
practices/education’, dealt with motivation for 
designing daylighting in the participants' daily work 
and with which tools or routines they used. The 
scope was to identify the motivational drivers for 
daylighting design. The NLITED educational offer 
could support these drivers by implementing them 
into the curriculum. Therefore, this topic was 
further analysed using an analysis matrix based on 
the Goal-Framing Theory [13,14] (Table A3). This 
theory assumes that human beings are prone to 
improve their condition in a given situation. 
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However, no one can improve his/her total 
condition since behaviour is chronically one-sided. 
Improvement will be selective, depending on the 
overarching goal that is important at a given 
moment. The theory proposes that three 
overarching goals seem to have evolved for human 
beings: a ‘hedonic’ goal, “to improve the way one 
feels right now”; a ‘normative’ goal to “act 
appropriately” for the group; and a ‘gain’ goal “to 
guard and improve one’s resources”. As for the 
other topics, the content analysis was limited to 
finding overarching themes. The closed-ended 
answers of the questionnaires were elaborated via 
a frequency analysis (Figure A1). 

 
3. RESULTS 
3.1 Motivations  

Most professionals reported that daylighting 
design is performed almost entirely in compliance 
with standards and norms (‘normative goals’). The 
normative documents are in the form of building 
energy regulations, building certifications as well as 
company policies: “The first thing that we do is just 
to apply for a standard. Most of the time, like 90% 
of the time. Is BBR [Swedish building regulation, 
a.n.] fulfilled? Or, sometimes, LEED, BREEAM? It 
happens, but it rarely happens”. In other terms, 
legislation is the driver, even though this was 
sometimes reported in a disappointed manner: 
“What we do with daylight is mainly proving that 
the regulation is fulfilled. Unfortunately, that is 
mainly by this local rule we have in Denmark with 
the 10% (glass area to floor area). Because we 
developed a very quick method to do that, so we 
just use our spreadsheet”. Daylighting can also help 
achieve the sustainability goals of the company, 
which are not normative in a strict sense. However, 
they are considered to place the company in a 
better spot regarding customers (‘gain goals’): 
“When we have the chance, and that is when the 
building program sets higher demands, we work 
integrated, so daylight, solar heating, energy 
consumption together and then we can get much 
better results. Nevertheless, that is when clients put 
these demands”. For some participants, daylighting 
is used in the projects because it can increase sales 
while saving energy: "Daylight is a commercial 
opportunity, so we are also taking it once more, not 
only for the energy.” “It has been shown that people 
buy more if they are running around in the store 
with daylight”. 
For many participants, daylighting goes well beyond 
vision and requirements, towards non-visual effects 
of light. Most of the participants agreed that this is 
an aspect of terrific importance for the profession 
but not yet considered in the actual design process: 
“Well, I put it this way. If I open my door tomorrow 

and there is a platypus sitting on my front step, I 
may be less surprised by that than some client 
coming to me and saying, we want you to do 
melanopic lux”.  
As for ‘hedonic goals’, quite a few professionals 
stated that they consider daylight design as "a 
mission". They feel committed to proposing 
daylighting design beyond regulations to their 
clients, having the well-being of buildings occupants 
in mind: “I do it to improve people's health. That's 
my driving force”. Beyond norms and professionals 
or individual gains, these participants feel an 
intrinsic pleasure to work for a more and better-
daylit future: “We take the output from the 
rendering, the different sections, light, whatever, 
and then we work in Photoshop. So that is the 
creative part, where we get away from what is 
physically correct. Alternatively, we get further 
away from the simulation part and more into the 
interpretation. Your imagination of what it would 
be. It is much more about the atmosphere to convey 
what would it be like to be in this room. So, it is a 
bit, you can call it artistic interpretation, but we see 
it as an important tool, and trying to create spaces 
with light, scenarios, comfortable rooms”.  
 
3.2 Beyond specialist daylighting education  

Different considerations emerged during the 
workshops about the need to provide specialistic 
knowledge and actively involve students in the 
training process. Adding some inspirational parts to 
lectures (for instance, through case studies) can 
encourage the active participation of the students 
and thus increase their motivation. The interviewed 
professionals also pointed out the importance of 
feeling part of a community of learners to keep 
engaged, which is a crucial challenge in the 
eLearning process. Professionals recognized that 
other professional figures not directly involved in 
daylighting design need a basic understanding of 
daylighting because those are involved in the 
decisional process. Urban planners, for example, 
should be provided with essential daylighting tools 
and understanding, as their decisions have a 
considerable impact on daylighting in buildings.  

 
3.3 Topics and structure  

Despite having little time to follow educational 
courses, the professionals asked for more 
inspirational material, rather than only direct and 
dry information on how to design for compliance to 
legislation. All the workshops participants asked for 
self-paced courses since these can be taken during 
free time. Other issues mentioned were the need 
for courses that provide general knowledge and 
practical applications in the architectural design 
process and the flexibility to choose from the 

 

various topics to best suit individual needs. Some 
professionals argued that it would be helpful to 
propose a curriculum with a holistic view of 
daylighting design. That would balance simulation 
and field observations to overcome the stereotypes 
of "an engineer working more in-depth with 
simulations (quantitative approach) and an 
architect working more in-depth with observations 
(qualitative approach).” 
 
3.4 Preferred topics  

From the analysis of the results, we found a 
demand for more in-depth knowledge on the topics 
of daylight and daylighting. The educational project 
NLITED was well-received by all stakeholders 
involved, and the same applied to the online survey.  

Participants have highlighted the need to go 
beyond merely national knowledge in all four 
countries, but the results show a greater desire for 
introductory courses. Moreover, this is confirmed 
by the first data on users who signed into the 
platform, which is now online: introductory courses 
are being more attended than the advanced ones.  

From the ranking of the most voted topics in the 
surveys, users seem mostly interested not in the 
simulative parts, but in topics linked to 
environmental quality, occupant comfort and 
design culture (more than 80% of respondent). The 
reason could be that there are fewer courses on 
design and environmental comfort than on 
simulation and design aspects.  

On the contrary, the most specialized modules 
were the least voted (≈50% of respondent), 
including the ones on new knowledge (BSDF data or 
circadian daylighting design) and detailed modules 
(modelling devices). It supports the idea that there 
is a need for a curriculum that can educate from 
prior knowledge about daylight.  
 
5. THE FINAL CURRICULUM  

The workshops' outcomes and questionnaires 
shaped the curriculum concerning both content and 
structure.  

Content-wise, the curriculum covers five macro-
topics (Figure 1):  

▪ Daylight for humans, on the importance of 
daylight for visual and non-visual aspects.  

▪ Daylighting design and culture, providing a 
historical overview of daylighting and 
information on daylighting components.  

▪ Daylight and energy-saving, where 
daylighting is directly linked to the energy-
efficient design of buildings. 

▪ Daylight assessment, dealing with 
assessment methods and current standards 
and regulations.  

▪ Simulation in-depth, covering both 
fundamental and advanced simulation tools 
for daylighting analyses.  

Structure-wise, each macro-topic is provided 
with an initial popular course as an introduction, 
targeting people not directly involved in daylighting 
design. In addition, the topics are enriched with 
case studies and practical examples, in coherence 
with the quest for inspirational material.  

On the other hand, some aspects of the draft 
curriculum were confirmed because they received 
positive feedback from experts. These are modules 
independent of each other, with no prerequisites to 
participate in any modules and a self-paced system. 
Each module is designed to have the student 
workload equal to 1 ECTS. 

In the final version, the platform offers several 
advantages in terms of flexibility (users can 
customise the course to attend) and schedule (users 
can attend a given course at their convenient time). 

 

 
Figure 1: Outline of the final curriculum of the eLearning 
platform. Each block has an introductory module (Module 
0) and a selection of mutually coherent modules. 
However, modules can be freely chosen by the learner. 
 
6. CONCLUSIONS  

This paper described the creation of a 
curriculum for an educational platform in 
daylighting design of buildings. The process was 
based on workshops held with professionals and 
academics and questionnaires administered to 
potential learners.  

On the one hand, an attempt has been made to 
understand what drives daylighting design to offer 
courses tailored to the needs of professionals. The 
results of the workshops revealed that the 
normative goals are the leading force for daylight 
design.  

More than one goal seems to be activated at the 
same time. E.g., some participants developed their 
early design tools for their clients. The tools allow 
for more accessible and analytical work by the 
participants (gain goal), which simplifies the 
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procedure for compliance to norms (normative 
goal). A cultural change to value daylight design is 
needed among both the professionals and the 
clients. 

On the other hand, an attempt has been made 
to understand which modules stakeholders 
considered necessary in the platform. Topics on 
visual comfort, perception, and cultural aspects are 
rated as the most relevant for the platform 
curriculum.  

The final curriculum (Fig. 1) differs considerably 
from the project coordinators planned before 
running the workshops (Table A1). It suggests that 
educators would benefit from involving target 
groups at the planning stage of educational 
curricula. It may help create more attractive and 
valuable courses for professional development.  
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APPENDIX 

 
Figure A1: The graph shows the frequency of responses in favour, or not, of the presence of the various topics in the draft 
curriculum of the platform (see Table A1). Responses came from both workshop participants and potential users invited via 
social media and email channels (113 responses collected).  
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Table A1. Topics proposed in the draft curriculum submitted for screening by the target group and online volunteers. 
Code Module Code Module 
S1-a  Daylighting benefits  S4-d  Fundamentals of daylight simulation  
S1-b  Physical aspects of light and daylight  S4-e  Building the first model and running daylight simulations  
S1-c  Fundamentals of lighting metrology – visible  S4-f  Daylight modelling and Parametric design  
S1-d  Fundamentals of lighting metrology – circadian light  S5-6  Advanced simulations I – BSDF data  
S1-e  Standards and Regulations  S5-a  Advanced simulations II – Circadian lighting design  
S2-a  Visual comfort: assessments and methods  S5-b  Modelling Materials (reflective, refracting, etc.)  
S2-b  Visual perception  S5-c  Modelling Components (windows, atrium, etc.)  
S2-c  Non-image forming effects: advances and assessments  S5-d  Modelling Devices (solar pipes, sunlight mirrors, etc.)  
S3-a  Energy management  S6-a  Daylighting design through the history of architecture  
S3-b  Energy protocols (LENI, LEED, etc.)  S6-b  Example of good design (case of studies)  
S3-c  Daylighting and Lighting: an integrated approach  S6-c  Daylight in urban, building and room-scale  
S3-d  Energy saving strategies  S6-d  Side-lighting, top-lighting, core-lighting  
S4-a  Solar geometry  S6-e  Daylight Design Elements: materials, components, and devices  
S4-b  Daylight quality – simplified methods and rules-of-thumb  S6-f  In-depth:  daylighting for exhibition spaces  
S4-c  Measuring daylight, static and dynamic methods    

 

Table A2. Semi-structured interview template. 
Topics  

 
Questions 

Daylight design / 
education 

Main question  Why and how do you design for daylighting?  
Follow-up / 
Detailed 
questions  

Which is the goal of daylighting design in your job?  
Do you have a group working on daylighting design?  
How do you assess daylight in practice? (Can you describe the typical workflows, software, tools, …?)  
Which type of daylight assessment do you usually perform? (including metrics)   

Definition of 
competences 
(eModules) 

 

Main question  You have read our draft proposal for the course curriculum. How would you improve the proposal?   
Follow-up / 
Detailed 
questions  

Would you have liked to see something else there?  
Would you make use of the whole curriculum?  
Are there modules which are irrelevant for you?  

ELearning – 
practicalities 

Main question  How and under which conditions would your work benefit from this online course?  
Follow-up / 
Detailed 
questions  

How would your career benefit from it?  
How would your company benefit from it?  
Which conditions would allow you (or your colleagues) to join the course?   

Summer school 

Main question  The educational package we are creating includes a summer school. In your view, which conditions 
would make the summer school attractive to you?  

Follow-up / 
Detailed 
questions  

How do you think a summer school may support learning from the course?  
 

 

Table A3. Analysis matrix for the motivation driving daylighting design, based on the Goal-Framing Theory [13-14] 
Goal  Have the following or similar statements been mentioned during the workshops?   

Normative goals 

▪ There are legal requirements for daylight design, then I must do that   
▪ It is part of my company policy/workflow to make this type of assessment, then I must do that   
▪ There are the requirements for daylight standard and/or certificates that I must follow   
▪ It is parts of sustainable building design (associated with energy-saving, good indoor environment, health and well-

being) that I, as an professional, feel obligated to do    

Gain goals  

▪ Working with daylight design is a way to enhance my skills, knowledge and competences   
▪ It is a way to advance my professional development as a daylight expert/daylight specialist   
▪ It is a way to increase values of my work (e.g. aesthetics, pleasantness, and good quality architecture)   
▪ Having competences in daylight design would attract more clients/students as well as those who concern about the 

importance of daylighting    

Hedonic goals  

▪ Working with daylight design is interesting and/or exiting   
▪ Daylight design is challenging and carrying out the task is my great achievement    
▪ There are strategies, methods and tools available to me and make it easier to work with daylight design (in general 

and also, at different design stages)   
▪ Daylight design is a pleasure task to work with and would bring about many benefits  
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environment 
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ABSTRACT:  The new energy context in Argentina, with increasing gas imports, reduction of subsidies, need for 
new investments in exploration, extraction and energy distribution, requires innovations in professional and 
technical training, especially in areas related to the built environment. This paper presents the development of 
new courses on rational energy use that respond to this situation and official requests from the National 
Government. They arise from previous experiences at graduate and post-graduate level since 1984 in the 
University of Buenos Aires, given the need to train professionals and technicians in inter-disciplinary frameworks, 
train efficiency managers and energy managers in buildings, prepare specialists in the promotion of aspects of 
sustainable building, and train teachers and researchers to achieve an effective transfer to the productive sector. 
The case presented in this work emphasizes the contribution of the building design to energy efficiency to achieve 
sustainability in the built environment. 
KEYWORDS: Education, Enegy studies, Latin America 

 
 
1. INTRODUCTION 
1.1 Energy context 
The energy context in Argentina from the past decade, 
with increasing gas imports, reduction of subsidies to 
energy costs, a growing need for new investments in 
exploration, extraction and energy distribution, 
requires innovations in professional and technical 
training, especially in areas related to the built 
environment. 
 
The 2020 National Energy states that 34.9% of the 
country's energy resources are used in buildings, 
26.7% being for the residential sector, and the 
remaining 8.2% in commercial and public buildings 
(MINEM, 2020).  Construction in all its stages (raw 
material extraction, construction and demolition) 
generates significant environmental impacts. 24% of 
greenhouse gas (GHG) emissions correspond to 
buildings. 
 
This paper presents the development of new courses 
on rational energy use that respond to this situation 
and official requests from the National Government. 
These courses arise from previous experiences at 
graduate and post-graduate level since 1984 in the 
University of Buenos Aires, given the need to train 
professionals and technicians in inter-disciplinary 
frameworks, train efficiency managers and energy 
managers in buildings, prepare specialists in the 
promotion of aspects of sustainable building, and train 
teachers and researchers in order to achieve an 

effective transfer of information to the professional 
and building sectors. This work emphasizes the 
contribution of building design to achieve a 
sustainable urban future.  
 
1.2 Changing legislative framework 
Within the Argentine legislative framework, 
regulations were introduced with the objective of 
achieving a more sustainable building stock.  Firstly, 
energy efficiency labeling was developed following 
building envelope transmittance (IRAM, 2010). This 
regulation defines different recommendations to 
achieve a sustainable building stock, but does not 
provide a methodology or is overlooked by an 
organization in charge to evaluate that these principles 
are applied.  In addition, in 2012 bioenvironmental 
zoning was established for the country and the 
following zones were defined within the regulation: 
very hot (zone 1), hot (zone II), warm temperate (Zone 
III), cold temperate (zone IV), cold ( Zone V) and very 
cold (Zone VI). 
 
This regulation has now become a law in some 
provinces (Bs As. 2003 and 2010, for example), but its 
implementation is still complicated  and there is a huge 
lack of qualified people for its  evaluation, thus making 
it lose their potential. 
 

 

 

 
Figure 1: Contribution of passive design resources and its 
relationship with other aspects that contribute to energy 
efficiency, based on Author, 2017. 
 
 
2. PROGRESS IN POSTGRADUATE PROGRAMS 
2.1 Existing cases at the University of Buenos Aires 
The University of Buenos Aires - the country’s largest 
and most prestigious University - has been developing 
different programmes with the purpose of training 
researchers, teachers, technicians and professionals in 
the implementation of energy efficiency policies and 
measures for the production of environmentally 
responsible and economically effective environments.  
 
The following are a selection of cases, demonstrating 
the growth and development of the field in Argentina: 

- Interdisciplinary Master's Degree in Energy: 
This programme was established in 2010, as 
an outcome of the Interdisciplinary Program 
of the University of Buenos Aires on 
Sustainable Energies (PIUBAES)  and the 
Center for Studies of Energy Regulatory 
Activity (CEARE). There are four faculties that 
participate in the project: Law, Engineering, 
Architecture and Economics. The program is 
mostly focused on energy legislation, 
conventional and non-conventional sources 
of energy, along with environmental aspects. 
Two subjects are devoted exclusively to 
energy efficiency. The first is called 
“Conservation and rational use of energy in 
the built habitat” and the second is called 
“Conservation and rational use of energy in 
industry and the electricity sector”. Currently 
the master's degree has a wide variety of 
graduates from different careers, who are 
dedicated both to the legislative aspect of 
energy, and to the implementation of 
renewable energies and energy efficiency in 
the built habitat. 

 
- Energy and Environmental Group, 

Engineering School: programme that offers 
courses in energy efficiency as well as a 
Master's degree in Sustainable Urban 
Technologies. It covers a wide variety of 
topics, ranging from climate change, urban 
vulnerability and complex city models. A 

particular seminar deals with energy 
efficiency problems: Energy Technologies.  

 

 
Figure 2: Comparison between different energy-related 
post-graduate programs in Argentina. Source: UBA 2019, 
CEARE, 2016, FI-UBA, 2014.  
 
These postgraduate proposals are complemented by 
the bachelor degree offer of the Faculty of 
Architecture, Design and Urban Planning.  In 1984, the 
first subjects related to the sustainable theme were 
incorporated: "Bioclimatic Design" and "Solar 
Architecture", to which the course "Energy in 
Buildings" was added in 1990. The annual average 
number of students taking at least one of these three 
subjects is between 500 and 600.  Despite these 
figures, the offer within the University for 
postgraduate education on sustainability in 
architecture and urbanism was null.   
 
3. NEW MASTERS DEGREE: SUSTAINABILITY IN 
ARCHITECTURE AND URBANISM (SAU) 
3.1 Introduction to the programme 
As a response to the current energy problems and 
those required by both the public and private sectors, 
the “Sustainability in Architecture and Urbanism 
Masters” (SAU) was created in 2018, based at the 
Faculty of Architecture, Design and Urbanism at the 
University of Buenos Aires.  
The new Master's degree approved by the Board of 
Directors of the School of Architecture, Design and 
Urbanism and by the Superior Council of the UBA 
(2017), incorporates a background of experiences held 
in prior years at the same School, such as the 
‘Environmental Design Specialization Program’ 
(containing 240 hours of classes, where Research 
Papers and Projects were developed, with an 
extensive enrolment of students between 1994-2000), 
as well as from regular exchange programs held with 
other Postgraduate degrees, Masters programs and 
PhD programs with Mexico, Chile and Ecuador, and 
results of UBACyT research projects carried out at the 
Habitat and Energy Research Center (CIHE) since 1986. 
The SAU Master's proposal responds to the growing 
need to introduce innovations in architectural and 
urban design, aimed at achieving greater sustainability 
in the production of the built environment, minimizing 
its environmental impacts and reducing the demand 
for resources to achieve adequate levels of habitability 
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and durability.  Through the design of the course 
modality, it is proposed to promote three fundamental 
aspects: 
● A flexible course: taught in modules, it enables the 

possibility of taking different module sequences 
as the number of correlative subjects is limited. 

● Permanent link between practice and theory: 
each module includes a project integration 
workshop.  

● Focus on Thesis production: the thesis plan is 
worked on and developed from the first module 
in the first four-month period, maintaining full 
continuity during the course. 

3.2 Student backgrounds 
Through a file that admitted students are asked to 
complete, it is possible to collect information about 
the student’s background in teaching/research, 
Universities of origin, other courses taken, etc. 
The Master's degree has enrollments once a year, so 
four cohorts have already passed since 2018. There are 
over one hundred students who have studied the 
master's degree since its beginning. The annual 
enrollment average is twenty-seven students. 
 
Figure 3 shows the number of students admitted 
during the 2018-2021 period. The number of students 
decreases slightly after the year 2019. This is due to 
the uncertainty with the events that occurred during 
the first months of the year 2020 (COVID Pandemic).  
 

 
Figure 3: Number of students enrolled in SAU Master 
Programme. Source: Author, 2022. 
 
It is of great relevance to observe the interest of 
candidates from other Latin American countries: the 
percentage of foreign master students is 25%, almost 
all of them being from South American countries. 
Although the total is completed by 10 countries, 33% 
comes from Colombian universities. 
It can be noted that during the years of the pandemic, 
in which the master's degree was held online, the 
number of foreign students decreased in percentage, 
and the percentage of young people enrolled 
increased. This last point is explained due to the 
greater familiarity with digital environments. During 
2021, this trend was reversed, returning to 
percentages closer to pre-pandemic times. 
 

 
Figure 4: Proportion of national and foreign students 
enrolled in the 2018-2021 period. Source: Author, 2022. 
 
 

 
Figure 5: Nationalities of foreign students enrolled between 
2018-2021. Source: Author, 2022. 
 
Although the postgraduate course is proposed in an 
interdisciplinary way, the vast majority of students are 
architects, with a minority of engineers (3%), or 
industrial designers (3%). 
32% of the architects enrolled in the programme have 
studied their bachelor degree at the University of 
Buenos Aires and took a sustainability-related course 
as part of their bachelor degree. These courses are still 
non-compulsory, so not all architecture graduates 
have training in sustainable development. 
Lastly, in terms of knowledge transfer, 25% of the 
master’s students are professors in both public and 
private universities or participate in research projects. 
 
3.3 Master’s degree structure 
The master's degree is completed over two years, and 
consists of 704 classroom hours, divided as follows 
(FADU Resolution): 

- An introductory, basic and mandatory 
module of thirty-two hours 

- Five hundred and twelve hours, divided into 
four modules with core themes. 

- One hundred and sixty hours of 
methodological training and thesis 
development. 
 

 

 

 
Figure 6: Master's curriculum composition. Source: UBA 
Board of Directors resolution, 2017. 
 
Each of these modules lasts for four months and 
responds to the four main groups covered in the 
course: sustainable architectural design, sustainable 
urban planning, energy efficiency and renewable 
energy and construction systems. 
As previously mentioned, each module is independent 
from each other, being correlative only with the 
introductory module, thus allowing the students to 
spread the course in more time if needed.  
 
One of the modules responds directly to the problem 
of energy efficiency and renewables. This module 
discusses the role of the building sector in energy 
consumption, along with the integration of solar 
energy and other renewables from an efficiency point 
of view. The National Energy Balance (BEN) and the 
role of the built habitat in the energy matrix are 
analyzed. The incorporation of these themes into the 
design process is also studied. 
The module is divided into four seminars of 32 hours 
each: 

1. Energy and environment: energy demand, 
resources and impacts of conventional 
energy and potential and perspectives of 
renewable energy. 

2. Solar energy in Architecture: analysis of the 
characteristics of solar radiation and active 
solar systems, opportunities for change in the 
energy matrix. 

3. Building Energy Simulation: energy audits, 
verification and evaluation of the envelope. 

4. Project integration: Application of 
architectural and urban energies within the 
architectural project. 

 
Each of these seminars ends with a practical project, 
and in turn the final work of the module serves as an 
integrating exercise. 

3.4 Other extracurricular activities / fieldwork 
developed during the course. 
Throughout the course, exercises of an empirical 
nature are also proposed to exemplify the energy 
demand according to the density of the urban sprawl. 
In urban terms, one of the exercises proposed every 
year is the measurement of the heat island effect 
(defined as the increase in temperature in relation to 
urban density and the size of the city (Evans, et al, 
2001)). With Hobo-type measuring elements, 
manufactured by Onset Computer Corporation (2019), 
measuring the temperature at scheduled intervals, 
different tours were carried out throughout the city, 
with the aim of measuring the difference in °C in the 
densest urban areas. 
The Professors were divided into groups, and each one 
was assigned a tour.  Once done, the results were 
combined on the map of the City of Buenos Aires, and 
the temperature lines were outlined. 
The result was the creation of a temperature map, 
which enables the understanding of the important 
climatic variations and thermal comfort, according to 
the scale. It was also made visible that certain urban 
events (avenues, green spaces, reflecting pools and 
places with prevailing winds) help to lower the 
temperature and, therefore, lower energy 
consumption. 
 
Another activity that students are encouraged to do is 
to present their work and develop their lines of 
research at scientific conferences and knowledge-
transfer events. To cite an example, the Faculty of 
Architecture, Design and Urbanism hosts a regional 
scientific meeting every year. As of 2018, several of the 
student's works were presented. 
 
During the first half of 2020, and with the pandemic as 
a global panorama, a series of virtual talks were held 
with architects, politicians, economists and various 
disciplines, under the title "Sustainable Latin America". 
The objective was to invite regional references to 
promote exchange between countries and contribute, 
in a context of uncertainty, to consolidate a regional 
identity and promote the development of sustainable 
cities. 
 
Finally, this year, the master's degree will develop a 
thematic table on energy efficiency at the University’s 
main research exhibition, to transfer student work, as 
well as to disseminate and share the work with 
universities throughout the country. 
 
4. CONCLUSIONS AND FOLLOWING STEPS 
The progress in the postgraduate courses on energy 
efficiency in the building, presented in this work, 
represents an important effort to respond to the 
energy challenges stated in the introduction and 
contribute to the necessary modifications to be made 
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to achieve a more sustainable built environment.  In 
addition, the high enrolment in the new Masters 
degree demonstrates that the interest is latent at that 
the contribution towards a more sustainable 
environment is being carried out in an orderly 
manner.  
As steps to follow in the programme’s development, a 
central aim is to engage with other Universities around 
the world teaching similar programs to develop 
exchange seminars for students to further develop 
their Thesis/Dissertation research.   
In addition,  a series of publications featuring the most 
interesting research projects developed during the 
course are planned, backed by the University’s 
Postgraduate Secretariat, in order to encourage 
students to participate in peer-reviewed journals. 
Lastly, a regional conference is bound to be hosted by 
SAU in the upcoming years in order to consolidate the 
programme and the University of Buenos Aires as a 
production and research hub for sustainable 
development ideas within the Latin-American context.  
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ABSTRACT: The future of sustainable buildings in the age of emergency depends not only on large initiatives, but also 
on small sustainable attitudes aimed at education and the popularization of new technologies that positively impact 
the environment among the population. From this perspective, universities as institutions that not only generate and 
transmit knowledge, but also act as transforming agents in society, through dialogues with their external community, 
play an extremely important role. The performance of these educational institutions is the theme of this article. The 
paper has as subject one of the extension actions of the Sustainable Attitudes project, developed by LabCA - 
Laboratory for Creation and Analysis of Environments of the Federal University of Rio de Janeiro, which focuses on 
dissemination and assimilation of new energy saving lamp technologies. This action is the result of a Brazilian society 
demand identified in the research about the information that lamps packaging should contain at Brazil, published in 
the PLEA 2017 proceedings. Therefore, the article focuses on the Education and Training track and intends to show 
the initiatives created during the covid-19 pandemic and its results over two years. 
KEYWORDS: sustainable initiatives, education, popularization, lamps, energy efficiency 
 
 

1. INTRODUCTION 
The education and training of individuals has an 

important impact on the future of sustainable 
construction and, within this theme, universities play an 
extremely important role. They act as transforming 
agents, contributing to the development of the 
community through the students’ education and 
training, which must go through teaching, research and 
extension. 

These three activities are in line with the 
institutions' commitment to transmit, generate and 
disseminate knowledge, aiming at the construction of 
the local socioeconomic and environmental reality, 
through a dialogic interaction between their internal 
and external communities, in the search for answers to 
the countless challenges of humanity. 

These three fronts of action, although have different 
characteristics, not happen in isolation. They feed back 
themselves into the formation of knowledge, which 
leads them to be carried out inseparably, shaping the 
character of Universities. 

In the brazilian scenario, the search for this 
characteristic of higher education institutions is driven 
by the inclusion of extension activities in the 
undergraduate courses curriculum. Currently, this 
inclusion follows the provisions of resolution no. 07 of 
December 18, 2018, of the CNE - National Council of 

Education, which establishes the guidelines for 
extension in brazilian higher education and regulates 
the provisions of goal 12.7 of Law n. 13,005/14 [1]. 

By this resolution, extension activities must 
comprise at least 10% (ten percent) of the total student 
curricular workload of undergraduate courses, and 
must be part of the courses curriculum. This change 
aims to prepare not only future higher education 
professions, but the training of graduates who will 
exercise citizenship, think critically about the society in 
which they live, act in order to reduce social 
inequalities, assuming a commitment to building your 
society. 

Within this perspective, with the intention of 
collaborating in the role of the Federal University of Rio 
de Janeiro as a transforming agent of society, the 
Sustainable Attitudes extension project was born with 
the purpose of carrying out actions together with its 
community , observing the demands identified through 
the results of the research developed in the LabCA - 
Laboratory for Creation and Analysis of Environments, 
as is the case of the action aimed at the education and 
popularization of news energy-saving lamp 
technologies, which is addressed in this paper. 

This action is the result of research on the 
information that lamp packaging must contain in Brazil, 
that was published in the PLEA 2017 proceedings [2], 
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and of its developments, published in the 
ENCAC/ELACAC proceedings of 2019 [3] and 2021 [4]. 
 
2. THE SUSTAINABLE ATTITUDES PROJECT 

The Sustainable Attitudes project is an action that 
encompasses several extension activities dedicated to 
the education and popularization of science and 
technology that promotes the insertion and 
dissemination of technological innovation products and 
processes in the market. 

The objective is to encourage changes in the 
population's consumption pattern, such as in the 
production of goods and services currently offered. All 
project activities begin from society demands identified 
by research that are developed by members of the 
LabCA group. 

Conceived to be developed in person, it was 
necessary to adapt its format to the advent of the 
Corona Virus pandemic that emerged in society in 2020, 
when the activities would begin. 

One of its extension actions that soon adapted to 
the new format was aimed at helping the population, 
with a focus on the city of Rio de Janeiro, to correctly 
consume the new lamp technologies available on the 
market. The LabCA research group had identified this 
demand from society on their studies, once 
incandescent lamps with which people were used to 
were no longer available in the brazilian market, since 
2017. 

In Brazil, the Ordinance MME/MCT/MDIC nº 1.007, 
of December 31, 2010 [5] started to regulate the 
minimum levels of energy efficiency of incandescent 
lamps, stipulated by Inmetro - National Institute of 
Metrology, Standardization and Industrial Quality, a 
Brazilian federal autarchy, through the Brazilian 
Labelling Program (PBE), applied to manufacturers and 
suppliers since 1984. 

Due to this ordinance (BRASIL, 2010) [5], 
incandescent light bulbs in this country were 
progressively no longer manufactured and imported 
between 2010 and 2016, and their commercialization 
was also gradually phased out by 2017. 

The energy-saving lamp technologies, that have 
become the available product, present a range of 
variations in terms of luminous properties, unlike the 
incandescent lamp, that dominated the brazilian 
residential market for more than half a century. 

The choice of these new products could not be 
made only through their energy flow, as much as this 
data contributed to energy efficiency in the built 
environment. Published studies [2] had already shown 
the need for the packaging of these new lamps 
launched on the market to inform photometric units in 
addition to the power of the equipment, so that the 

choice of the product was also based on luminous 
comfort. It was important to report the quantity of light 
as its quality. 

the LabCA research that continued this study, 
however, observed that it was not enough to inform 
these data, it was also necessary to help the consumer 
to interpret them. With this in mind, the research group 
worked on the elaboration of pictograms on 
photometric units that can be used by manufacturers in 
Brazil to improve the visual communication of lamp 
packages [3]. 

The proposal consisted of adopting the suggested 
pictograms (Fig. 1) with other signs that the same 
research identified as commonly used on lamps 
packaging at Brazil (Fig. 2). 
 
Figure 1: 
Photometric units pictograms created by the LabCA research 
group 
 

 
 

Figure 2: 
Signs already commonly used on lamps packaging at Brazil 
 

 
 
As part of the pictogram elaboration process [6], the 

communication capacity of the signs created by LabCA 
was evaluated through a public opinion survey [4] and 
the result was satisfactory. Besides all pictograms being 
interpreted correctly by the participants, the public also 
commented that the signs helped to identify the 
photometric units of the lamps and that their presence 
on the product packaging would help to correctly 
consume the equipment. 

From these studies, the research group realized that 
there was a demand from society to better understand 
the luminous properties and their photometric units in 
order to correctly consume the new lighting equipment 
available on the market. 

In this way, understanding the responsibility of 
universities as transforming agents, the group develops 
an extension proposal aimed at the community of Rio 
de Janeiro, based on the question: Do you know how to 
choose a light bulb? 

 

 

From this simple question, two fronts of activities 
were created by the Sustainable Attitudes extension 
project: 1) production of educational activities on 
moodle platforms; 2) production of educational videos 
that are released on the research group's social 
networks. 

 
3. RESULTS 

Since March 2020 to December 2021, the two fronts 
of the extension project were carried out as follows: 1) 
a question and answer challenge called Modern 
Lighting vs. Contemporary Lighting, which certifies 
participants, was held on the university's moodle 
platform, known as AVA - Ambiente Visual de 
Aprendizagem (virtual learning environment) [7] (Fig. 
3); 2) an educational video on how to correctly choose a 
light bulb was posted on the research group's social 
networks [8] (Fig. 4). 
 
Figure 3: 
Production of educational activities on Moodle platforms 
 

 
 
Figure 4: 
Educational videos available on LabCA's social network. 
 

 

The means of communication on both fronts are 
accessible to people who are deaf or hard of hearing. 
The videos have captions and sign language 
interpretation is provided for all content in 
synchronized media, respecting the level AAA criteria 
for obtaining inclusive web design provided by the Web 
Content Accessibility Guidelines (WCAG) created by the 
World Wide Web Consortium (W3C ) [9], which are 
standards recognized by many countries. 

The challenge launched at AVA - Ambiente Visual de 
Aprendizagem (virtual learning environment) has 
already delivered more than 100 certificates between 
July 2020 and December 2021. The educational video 
had 229 views since its publication on September 24, 
2020 until December 2021. The activities developed on 
both fronts demonstrated the interest from the 
population to the topic addressed by the extension 
action. 

The design and implementation of these actions, 
now accessible to the public, required a lot of work and 
time. In the AVA - Ambiente Visual de Aprendizagem 
(virtual learning environment), it was necessary to 
understand how to interact with a moodle platform to 
create an activity that was didactic and, at the same 
time, fun. The intention was to talk about innovation, 
more precisely, technological innovation, but for a lay 
public that does not necessarily intend to specialize, but 
to know better the product they consume. 

Innovations in lighting equipment, such as LED 
(light-emitting diode), which more than a new lamp 
technology is a new proposal for light, invade people's 
homes every day. However, this purchase is often not 
due to the lighting these products can provide, but 
because it has reduced the home's energy bills. 
Equipment that saves energy ends up being chosen not 
for the environmental benefits, but for the financial 
ones. Other times it is because these products are the 
ones available on the market and the public consumes 
them without knowing how to recognize the luminous 
properties that the equipment offers. 

The activity at AVA - Ambiente Visual de 
Aprendizagem (virtual learning environment) started in 
March 2020, but was only made available to the public 
in July 2020. 

The educational video made available on the 
research group's social networks has also gone through 
a long process since its conception. As in the AVA - 
Ambiente Visual de Aprendizagem (virtual learning 
environment), it was necessary to work with a simple 
and direct language that would arouse people's interest 
in watching all the didactic content. The idea was the 
same as the virtual learning environment, but the 
communication route was different. 
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There was already a material available that had 
been created for an event in 2019, but had to be edited 
and adapted for social media. It was also necessary to 
develop the video within the standards of inclusive web 
design for people who are deaf or hard of hearing. 
LabCA has partnered with another university extension 
project, TradInter Lab - Laboratory for accessible 
audiovisual translation and Libras-Portuguese 
interpretation of the Department of Letters and Libras 
[10], to provide subtitles and sign language 
interpretation for all synchronized media content. 

This activity started in middle of 2020 and the 
educational video was shared on LabCA's social 
networks in September 2020. 

For their individual actions, both projects had being 
highlighted in the UFRJ extension newsletter, called 
Comunica Extensão (Fig. 5). 
 
Figure 5: 
UFRJ extension newsletter, called Comunica Extensão, august 
edition 

 
 
The two fronts of the Sustainable Attitudes 

extension project were carried out by undergraduate 
students from the Federal University of Rio de Janeiro 
under the guidance of a professor linked to LabCA 

research group. The participation of students in the 
activities design is a characteristic of university 
extension actions and, in the case of UFRJ, it is aligned 
with the institutional values [11] of preparing students 
to exercise citizenship, to think critically about the 
society in which they live and to act in order to reduce 
social inequalities, assuming a commitment to building 
their own society. 

These were the results obtained so far with the 
activities that aim to promote the insertion and 
dissemination of news energy-saving lamp technologies 
available on the market. However, the Sustainable 
Attitudes project is already opening other fronts that 
deal with this same theme and others equally focused 
on the results of LabCA research related to innovation.  

The expectations are focused on access to the 
target audience through other social networks of the 
research group and UFRJ radio, which annually issues 
public notices for participation in audio programs. 
Regardless of the project's performance format, the 
central idea is to always be aligned with the mission 
[11] of its Higher Education Institution to contribute to 
the scientific, technological, artistic and cultural 
advancement of society. 

 
4. CONCLUSION 

The article showed that the university can help in 
the education and popularization of new lamp 
technologies that, by saving energy, contribute to 
energy efficiency in the built environment and, 
consequently, to sustainable architecture. 

These equipment are different from the product 
that the population was used to consuming and its 
difference is not only in the electricity it consumes to 
generate light, but also in the light produced. 

As happened in the first decades of the 20th century 
in Brazil, when educational institutions, together with 
other organizations, played an important role in the 
dissemination of the incandescent lamp in society and 
in the popularization of the electric lighting system, 
now, in the beginning of the 21st century, universities 
can greatly collaborate with the transformations 
promoted by new primary light source technologies, 
such as LED devices. This initiative mainly impacts 
residences, where the consumption of light bulbs is 
made by a lay public, in most cases. 

As a transforming agent of society, universities must 
act in their external community from a dialogical 
interaction, based on the inseparability of teaching, 
research and extension. In the case in question, this 
understanding produced sustainable initiatives that 
could be carried out during the COVID-19 pandemic and 
that, however small, are important in the era of 
emergency. 
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ABSTRACT: The energy, environmental and social cost of the spread of HVAC systems in housing in France calls to 
investigate the impact of climate change on buildings’ cooling energy needs. From the Energy Performance 
Observatory database of buildings, annual cooling energy needs are calculated with the thermal model of the 
French regulation, COMETh. For these simulations, nine different climate projections from 1981 to 2058 are used 
with the RCP8.5 scenario, as well as representative years (reference and extreme), constructed from these 
projections. The cooling needs of a large number of buildings increase from very low values in the past to non-
negligible needs in the future. The study of mean and standard deviation of the needs explains this evolution 
according to two phenomena: an increase in average needs (Phen1), and a repetition and/or intensification of the 
extreme years (Phen2). Classification by the k-average algorithm shows that we can use representative years to 
identify vulnerable buildings. This classification brings out differentiated buildings groups along 2 axes: passive and 
active buildings (Phen1) which can independently be adapted or not to future extremes years (Phen2). In particular, 
some buildings require special attention, as they are passive on average, but sensitive to future extreme years. 
KEYWORDS: Cooling needs, Climate projections, Representative years, Classification. 
 
 

1. INTRODUCTION 
Due to climate change and heatwaves (Riberon et 

al., 2006), an increase of residential use of air 
conditioners from 5% in 2005 to 13% in 2016 (Rolland, 
2018) was observed in France. This trend was 
confirmed recently for the entire air-conditioners 
market since sales increased from 400 000 in 2015 to 
823 000 units in 2020 (CODA Stratégies, 2021).  

The spread of air conditioning systems would 
increase electricity demand, greenhouse gas emissions 
and external temperature resulting from its 
thermodynamic cycle (de Munck et al., 2013). To limit 
this spread, the French Thermal Regulation for 
buildings (RT2012) promotes passive design strategies 
(the architecture and the building envelope 
characteristics). Indeed, it requires not exceeding an 
energy need threshold for comfort and lighting (Videau 
et al., 2013). The different combinations in passive 
strategies can be evaluated using a Building 
Performance Simulation (BPS) to calculate, for 
instance, cooling needs. 

However, past climate observations are still used in 
the regulation’s BPS. Climate change and future 
projections are therefore not taken into account even 
though they may have an impact on the spread of 
cooling systems. This should lead to reconsider the 
current standards used to define weather data for BPS. 
As a result, this paper focuses on the relationship 
between external future climate conditions and 
building thermal responses, in the context of thermal 
regulation and standards.  

It aims to (1) evaluate the impact of climate change 
on building cooling needs, (2) assess the relevance of 
using representative future climate files to classify 
buildings in term of cooling needs, and (3) identify 
those at risk, where the installation of an air 
conditioner could or will be necessary. 

 
2. METHODOLOGY 

This paper follows a four-step method: (i) a 
selection of 77 collective buildings from the Energy 
Performance Observatory (OPE) database, (ii) a 
construction of different climate data files based on 

 

future projections and past observations, (iii) a 
calculation of cooling needs using BPS, and (iv) an 
analysis of the thermal responses under different 
climate models and a classification regarding cooling 
needs for the 77 buildings. 

 
2.1. Building selection 

Since RT2012, the characteristics of new buildings, 
built after 2014, and their associated results are stored 
in the OPE database (Directorate-General for Energy, 
2018). From this database, we selected 77 projects. 
The selection criteria were: (a) the project contains a 
single building, (b) the building has at least one 
collective housing area, and (c) the collective housing 
must have a cooling need. 

 
2.2. Climate conditions 

Three types of climate data are used in this paper, 
from Paris Montsouris location: (a) past and future 
times series (both are predicted), (b) reference 
representative years, and (c) extreme representative 
years. 

(a) For the construction of the predicted past and 
future climate data, we used 9 climate projections 
between 1981 and 2019 from the EURO-CORDEX 
database (Moss et al., 2010). These projections are 
combinations of Global Climate Models (GCMs) and 
Regional Climate Models (RCMs) that we consider 
equiprobable as shown in Table 1. For each of them, 
only the Representative Concentration Pathway (RCP) 
8.5 is considered (Gobiet & Jacob, 2011), which is the 
most pessimistic gas emission scenario also considered 
as “business as usual”. Beforehand, a bias-correction 
procedure (Kraiem et al., 2020) was used by employing 
ERA5 observed data over the same period (1981-
2019), followed by a Hermite cubic interpolation from 
3 hours to 1 hour. 
 
Table 1: 9 combined climate models with scenario RCP 8.5 

N° Global Climate Model (GCM) Regional Climate Model (RCM) 
1 CNRM-CERFACS-CNRM-CM5 CNRM-ALADIN 63 
2 CNRM-CERFACS-CNRM-CM5 SMHI-RCA 4 
3 ICHEC-EC-EARTH SMHI-RCA 4 
4 ICHEC-EC-EARTH SMHI-RCA 4 
5 ICHEC-EC-EARTH SMHI-RCA 4 
6 MOHC-HadGEM2-ES CNRM-ALADIN 63 
7 MOHC-HadGEM2-ES ICTP-RegCM4-6 
8 MOHC-HadGEM2-ES MOHC-HasREM3-GA7-05 
9 MPI-M-MPI-ESM-LR ICTP-RegCM4-6 

 
(b) The ISO 15927-4 provides a method for creating 

a year of climate data, representing a period of several 
years, to assess the average annual energy needs for 
heating and cooling (ISO, 2005). Using at least 30 years 
enables to overcome the internal variability of climate 
(Maher et al., 2020). Thus, from the predicted data, 

over the periods (1981-2019) and (2020-2058), two 
reference years were created for the past and future 
periods, respectively. 

(c) Also from the predicted data, past (1981-2019) 
and future (2020-2058) extreme years are constructed 
using a method strongly inspired by the Netherlands 
standard (NEN, 2020) based on parts 2, 4 and 5 of the 
same ISO 15927 standard (ISO, 2005). 

As a result, we have 78 predicted years (1981-
2058), two reference years and two extreme years of 
climate data for the past and future. Combined with 77 
buildings and 9 models, this represents more than 56 
000 simulations as shown in Table 2. 

 
Table 2: Summary of simulations 

Period Climate Years Models Buildings Total 

Past 
Predicted 39 

9 77 

27 027 
Reference 

and extreme 2 1 386 

Future 
Predicted 39 27 027 
Reference 

and extreme 2 1 386 

     56 826 
 
2.3. Building Performance Simulations 

The 56 826 BPS were performed using COMETh, 
which is the thermal model used in the French building 
thermal regulation RT2012. It relies on a 5R1C thermal 
network model. Such model has proven to be efficient 
at estimating cumulative indicators such as heating 
and cooling energy needs (da Silva et al., 2016). The 
simulation calculates the "bioclimatic" need. This is the 
consumption of an ideal energy system, with an 
efficiency of one, and systematically reaching the set 
temperature. This measure allows ignoring the active 
energy systems and measures the actual passive 
performance of the building. Furthermore, in the 
context of the regulation of buildings energy 
performance, the internal loads and ventilation, 
limited to the hygiene flow rate, are conventionally 
established. 

 
2.4. Analysis and classification 

Our analysis includes 3 steps.  
First, we assess the impact of climate change on 

buildings by observing, between the past (1981-2019) 
and the future (2020-2058), the average cooling needs 
and the related Standard Deviation (SD), defined as 
follows for the past:  

�̅�𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 1
39 ∑ 𝑁𝑁𝑖𝑖 

2019

𝑖𝑖=1981
                               (1) 

∆𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = √ 1
39 ∑ (𝑁𝑁𝑖𝑖 − �̅�𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)2

2019

𝑖𝑖=1981
               (2) 
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where 𝑁𝑁𝑖𝑖  are the annual cooling needs for year 𝑖𝑖, 
�̅�𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is their past mean, ∆𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is their past SD. 

Second, we compute for a given model, two 
distributions (39 past and 39 future annual cooling 
needs) for 77 buildings to understand their evolution. 

Third, we perform two parallel classifications of the 
77 buildings with the k-means algorithm. The first 
clustering is based on the Euclidean distance from one 
building to another in a 27-dimensional space 
consisting of the following variables (past, future 
average needs and future SD for the 9 models): 

{𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
1 , 𝑁𝑁𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓

1 , ∆𝑁𝑁𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓
1 , … , 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

9 , 𝑁𝑁𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓
9 , ∆𝑁𝑁𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓

9  } 
Similarly, the second clustering takes into account 

27 alternative variables based on the past, future 
reference years and extreme future year for the 9 
models:  

{𝑁𝑁𝑟𝑟𝑟𝑟𝑓𝑓,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
1 , 𝑁𝑁𝑟𝑟𝑟𝑟𝑓𝑓,𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓

1 , 𝑁𝑁𝑟𝑟𝑒𝑒𝑝𝑝,𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓
1 , … , 𝑁𝑁𝑟𝑟𝑟𝑟𝑓𝑓,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

9 , 𝑁𝑁𝑟𝑟𝑟𝑟𝑓𝑓,𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓
9 , 𝑁𝑁𝑟𝑟𝑒𝑒𝑝𝑝,𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓

9  } 
Finally, we display the different clusters on graphs 

in two dimensions, being projections of the 27 
dimensions space. This helps to observe the distinction 
between groups according to different variables. 
 
3. RESULTS AND DISCUSSION 

The results are detailed by following the 3-point 
analysis approach presented in section 2.4. 

 
3.1. Two climate change impact phenomena 

Fig. 1 shows, for each building and for each model, 
the average future cooling needs as a function of the 
average past cooling needs. For each model, we 
observe a linear pattern. All the linear regressions are 
above the y=x curve, which corresponds to an increase 
in cooling needs. This increase varies according to the 
models with slopes ranging from 1.1 to 2. We thus have 
a first phenomenon (Phen1) of proportional increase in 
needs: a shift effect of the needs on average. 

 

 
Figure 1: Average future cooling needs based on average 
past cooling needs for the 77 buildings and 9 models. 

 
A similar linear behaviour is observed in Fig. 2 

which represents, for each building and for each 

model, the future cooling needs SD as a function of the 
past cooling needs SD. All the points are above the y = 
x curve, which corresponds to an increase of the SD 
(the slopes are ranging from 1.2 to 1.8). In particular, 
this leads to more intense and/or more frequent 
extreme needs. This is the second phenomenon 
(Phen2): the stretching of the SD. 

 

 
Figure 2: Future cooling needs SD based on past cooling 
needs SD for the 77 buildings and all models. 

 
The linear trends could be due to the homogeneity 

of the selected buildings (same type of use, the same 
air exchange rate, and RT2012 compliant buildings). 
 
3.2. Distribution in past and future cooling needs 

Fig. 3 shows the past (blue) and future (red) cooling 
needs distributions, for the 77 buildings and model 6. 
On the left side of the distributions (low needs), we 
note that the number of past annual cooling needs is 
higher than the future. Conversely, on the right side 
(needs above an arbitrary threshold); the number of 
future annual cooling needs is greater than the past. 
Thus, a large number of individuals has exceeded the 
arbitrary threshold between past and future. This 
migration may be due to the increment in mean 
(Phen1) or the repetition and/or intensification of 
extreme years (Phen2). 

 

 
Figure 3: Distributions of past (1981-2019) and future (2020-
2058) cooling needs for model 6 

More than the increase in consumption, the 
crossing of the threshold and the creation of a need, 

 

whether it is on average (Phen1) or punctual (Phen2) 
are the real issue. Indeed, the transition from a nearly-
zero cooling need to a significant cooling need could 
potentially requires the installation of an air 
conditioner. 

We observe that other models give similar 
distributions in shape (thanks to the bias correction of 
the models over the past period and the linearity 
observed for all the models Fig. 1 and 2) but not in 
quantitative value (since the slopes are different for 
each model). The question is to distinguish passive 
buildings from those vulnerable to climate change. 
Taking into account the health risks associated with 
heat waves, the latter will potentially require the 
installation of an air conditioner. Thus, the priority is to 
identify the different groups of buildings according to 
their sensibility to climate change. 
 
3.3. Classification and identification 

This section is divided in three sections. The first 
one shows the comparison between two building 
classifications and the other two sections illustrate the 
clusters in a bi-dimensional space. 
Two classifications comparison 

Table 3 compares the clusters of 77 buildings 
(column 1) that are made by the two k-means 
classifications: on the one hand, with the 27 mean and 
SD variables (cluster name in column 2), and on the 
other hand with the 27 reference and extreme 
variables (cluster name in column 3).  Each colour 
represents a cluster. There are nine clusters for each of 
the two classifications. Without going into technical 
details, the choice of nine clusters was made by 
studying the percentages of variations obtained by a 
Principal Component Analysis (PCA) (Yang, 2019). 

 
Table 3: Comparison of the two clustering (each line is a 
building, with its corresponding cluster colours for the first 
and second classifications) 

 
 
We observe that the 2 classifications give very 

similar results. Only 2 buildings are not classified in the 
same cluster from one classification to the other 

(“1.zone_1” and “37.zone_2”). Moreover, the cluster 
n°3 (1st clustering) is divided into 2 clusters (n°0 and 
n°4, 2nd clustering). In return, clusters n°6 and n°2 (1st 
clustering) are combined into a single cluster (n°8, 2nd 
clustering). 

The representative climate files (2nd clustering) lead 
to an equivalent clustering while requiring much less 
computation than the first one. Indeed, we recall that 
the use of reference years allows to divide by 20 the 
number of simulations performed and presented in 
Table 2. 
First group distinction (Phen1) 

Fig. 4 and 5 represent future reference cooling 
needs as a function of past reference cooling needs for 
each building, coloured according to its clusters, and 
for models 4 and 7, respectively. These are two bi-
dimensional projections of the 27-dimensional space in 
which the classification was done. 

 

 
Figure 4: Future reference as a function of past reference 
cooling needs for model 4 

 

 
Figure 5: Future reference as a function of past reference 
cooling needs for model 7 

 
CLUSTER DIFFERENTIATION AXIS: We first observe 

a linear behaviour of the future and past reference 
years as in Fig. 1. We thus observe a first distinction 
between the different clusters on this linear axis. On 
the one hand, the passive buildings (bottom left) have 
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low cooling needs in the past and in the future. On the 
other hand, the active buildings (top right) have high 
cooling needs in the past and in the future. This is a first 
axis of differentiation of the clusters. 

PHENOMENON 1 (PHEN1): The increase of the 
average needs has the effect of transforming the 
buildings, initially passive, into active buildings in the 
future: this is notably the case of the clusters in the 
center (n°0 blue and n°7 brown). These groups are 
vulnerable to climate change for Phen1. Belonging to 
these groups may lead to a long-term purchase of an 
air conditioner, but all the models should be used for a 
quantitative approach. 

We observe that the groups, on the bottom left, 
which are passive on average have different colours 
(n°1 red, n°3 teal and n°8 cyan) while their points are 
close to each other. Why would the k-means algorithm 
distinguish them? The answer can be seen in a second 
projection. 
Second group distinction (Phen2) 

Fig. 6 and 7 show the future extreme cooling needs 
as a function of past reference needs for each building, 
coloured according to its clusters, and for models 4 and 
7, respectively. As before, these are 2 two-dimensional 
projections of the space in dimension 27. 

 

 
Figure 6: Extreme future as a function of past reference 
cooling needs for model 4 

 
CLUSTER DIFFERENTIATION AXIS: We observe, 

contrary to the linear behaviour of the previous 
figures, a stretching of the clusters on the future 
extreme values. Indeed, for groups having similar 
average needs (aligned on the same vertical axis), they 
differentiate on their extreme cooling needs: for 
instance, cluster n°3 (teal) and n°8 (cyan). This is 
therefore a second axis of distinction of clusters. At the 
bottom, clusters are adapted to the extreme future. In 
contrast, at the top, clusters are not adapted to the 
extreme future. In summary, Fig. 7 shows the two axis 
of differentiation. 

 

 
Figure 7: Extreme future as a function of past reference 
cooling needs for model 7 

 
PHENONMENON 2 (PHEN2): The vulnerability of 

buildings not adapted to future extremes is at the 
origin of a punctual creation of cooling need and/or 
represents a health risk. For example, if we had 
considered only past – future reference cooling needs, 
cluster n°8 (cyan) would not have been differentiated 
from cluster n°3 (teal). However, we observe that the 
cooling needs of future extreme years are much more 
significant than the reference years. Belonging to 
cluster n°8 therefore leads to a health risk and/or the 
possibility of purchasing an air conditioner 
immoderately (Phen2). Concerning the impact of 
extreme climates in the purchase of an air conditioner, 
it would be interesting to study the probability of 
occurrence of these types of climates. Whatever the 
model chosen, the buildings’ clusters can be classified 
using 2-differentiation axis: 
− Clusters 1, 3 and 4 like passive and adapted. 
− Cluster 8 like passive not adapted (Phen2). 
− Clusters 0 and 7 from passive to active (Phen1). 
− Clusters 2, 5 and 6 like active.  

The description of the buildings physical 
characteristics did not reveal any clear building 
parameter that would differentiate them a priori, 
despite the approach limited to cooling needs. In 
addition, the great homogeneity of the buildings can 
also explain this result. Walls insulation may be the 
discriminating parameter as the temperature increase 
is the main effect of climate change. However, in 
summer in France, its impact is difficult to quantify a 
priori because: 
− it is of 2sd order in the well-insulated buildings 

studied with an air change rate limited to the 
hygiene flow rate,  

− its thermal effects are antagonists, limiting heat 
transfer during the day and confining heat indoors 
at night. 

 

4. CONCLUSIONS AND PERSPECTIVES  
(1) The study evaluates, on a large sample of 

buildings, the impact of climate change according to 
two dimensions: an increase in the average and an 
increase in the internal variability of the climate (SD 
and extreme). These two effects induce the migration 
from low past cooling needs to non-negligible future 
cooling needs that may require the purchase of an air 
conditioner. 

(2) The study has shown the relevance of using 
representative years (reference and extreme) to 
classify buildings in accordance with their cooling 
needs. The approach developed showed that it was 
possible, for the selected sample, to reduce the 
number of simulations by 20 and maintain satisfactory 
results. 

(3) The classification highlighted two main 
distinctions axis between buildings: active or passive, 
and adapted or not adapted to the extreme future. The 
proportional increase in average cooling needs could 
tomorrow transform several buildings considered 
passive today into active buildings (Phen1). On the 
other hand, a group of buildings that today have low 
needs will be particularly sensitive to future extremes 
(cluster 8). With a low average exposure to needs, they 
may give the impression of being well adapted to 
future changes. However, they could present a health 
risk for their occupants exposed to high ambient heat 
from time to time (Phen2). Therefore, these buildings 
should receive special attention. 

To distinguish one group of buildings from another, 
an analysis of the buildings characteristics should 
further be explored. A more heterogeneous 
population of buildings, extended to existing 
residential buildings should also be studied. Besides, It 
would be useful to extend this developed methodology 
to other RCP scenarios and other regions in France. 

It should be highlighted that the huge number of 
calculations has been made possible by the existence 
of a database of buildings already modelled for 
dynamic thermal simulations (OPE). The data format is 
only compatible with a dynamic thermal simulation 
software (COMETh) which limits the possibilities of 
confrontation with other tools. 

One of the limitations of this work is the 39 - years 
period used (the longer the period, the lower the 
internal variability). Another is the extreme years 
constructed considering extreme events over 5 days, 
another period could lead to different results. 
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ABSTRACT: This work aims to introduce a new multiobjective optimization method for designing insulating 
cementitious foams combined with phase change materials (PCMs) to improve the energy performance of 
buildings. To achieve this, the multiobjective Non-dominated Sorting Genetic Algorithm-II (NSGA-II) and 
EnergyPlus software are dynamically coupled. Parametric models for PCMs and insulating cementitious foams are 
implemented in EnergyPlus to optimize their thickness and the PCM melting temperature. The BESTEST 900 from 
ANSI/ASHRAE Standard 140-2011 is chosen as a case study to evaluate the performance of the different designs. 
As objective functions, the annual heating and cooling loads are calculated in Sofia city, Bulgaria-EU. The results 
reveal several conclusions in terms of physics correlations between the design variables and objective functions. 
Regarding the total annual loads, the best design reduces 8.95% of the loads (compared to the Baseline model) by 
using 10 cm of cementitious foam combined with 2.5 cm of PCM with a melting temperature of 24.41 °C. 
KEYWORDS: Energy conservation, Insulating cementitious foam, Phase change material, Multiobjective 
optimization, Building performance simulation.  

 
1. INTRODUCTION  

Developing new building materials is a key 
research area to reduce the energy consumption in 
buildings and related CO2 emissions. Researchers 
have conducted major efforts for developing two 
main types of materials regarding their application in 
buildings: insulating materials and energy storage 
materials. 

Insulating materials are useful for reducing the 
thermal transmittance of building envelopes and 
controlling their heat loss and/or heat gain [1]. 
Typical insulating materials such as 
polyisocyanurates, extruded and expanded 
polystyrenes, and mineral and rock wools can 
achieve a very low thermal conductivity. However, 
most of these materials are highly flammable and 
have low recyclability. Thus, cementitious foams 
have great potential as insulating materials because 
of their low thermal conductivity, and their 
advantages of being non-flammable, non-toxic, and 
fully recyclable. 

Moreover, energy storage materials can 
accumulate excess heat from indoor air and can be 
used to cool buildings efficiently. In particular, phase 
change materials (PCMs) have attracted great 
attention from the construction sector to improve 
the energy efficiency of buildings [2]. While 
undergoing their phase transition, PCMs can store 
and release large amounts of heat energy and have 
a stabilizing thermal effect inside buildings [3]. 
Despite its enormous energy-saving potential, 

successful use of passive PCM-based systems in 
buildings is not implicitly guaranteed. This is because 
the performance of passive PCMs strongly depends 
on their complete daily thermal cycles [4]. 

Within this context, the NRG-STORAGE project 
[7] proposes a new cementitious foam with 
embedded micro-encapsulated PCM, so-called NRG-
FOAM, aiming to achieve a lightweight material with 
an advanced insulation property and enhanced heat 
storage capacity. 

Although the thermal properties of new 
materials can be measured using proper laboratory 
experiments, their real performances and optimum 
design have to be carried out at the building scale. 
Advanced building performance simulation tools are 
a suitable method to achieve it, which can predict 
the performance of the new materials in the built 
environment while considering real local climate 
conditions [5].   

In this first effort, a multiobjective optimization 
method is proposed to find the optimal designs of 
insulating cementitious foams combined with PCMs 
in buildings. To achieve this, the multiobjective Non-
dominated Sorting Genetic Algorithm-II (NSGA-II) 
and EnergyPlus software are dynamically coupled. As 
a case study, the BESTEST 900 is chosen to evaluate 
the annual heating and cooling performances of the 
different feasible designs. 
 
2. METHODOLOGY 
 

 

2.1 Case study  
The ANSI/ASHRAE Standard 140-2011 BESTEST 

900 is employed to evaluate the performance of 
several foam-PCM designs applied to a typical wall 
structure [6]. The BESTEST is a basic test for building 
energy simulations, consisting of a single thermal 
zone with no interior partitions and two South-facing 
windows, see Fig. 1a. To characterize the 
performance of this building, the BESTEST 900 has an 
ideal HVAC system, whose thermostat control is set 
to 20 °C as the lower limit for heating and 27 °C as 
the upper limit for cooling. 

Three real-scale BESTEST 900 buildings are 
currently under construction in Sofia, Bulgaria. These 
are demo prototypes that will be used to 
experimentally measure the performance of several 
NRG-FOAMs, developed within the NRG-STORAGE 
project [7].  So, a numerical model of this real scale 
BESTEST 900 is implemented in EnergyPlus 9.0 
following the characteristics detailed in [6]. 

 
Figure 1:  
Case study building. (a) BESTEST 900; (b) Prototypes under 
construction in Sofia (With courtesy of GBS Bulgaria). 

 
 
2.2 Multi-objective optimization approach 

Mathematically, the building performance 
optimization is posed as the following bi-objective 
optimization problem, 
 

Minimize [f1(x), f2 (x)],       (1) 
 
where x = [d1, Tpeak, d2], being d1 the thickness (m) of 
the PCM, Tpeak the peak melting temperature (°C) of 
the PCM, and d2 thickness (m) of the cementitious 
insulating foam. The objectives f1(x) and f2(x) are 
annual heating and cooling loads obtained as a result 
of the EnergyPlus simulations for the recent typical 

 
1 see data available in http://climate.onebuilding.org/  

meteorological year (TMYx.2004-2018 1 ) in Sofia, 
respectively. 
 
2.3 Description of thermophysical properties of 
materials and design variables 

Fig. 2 shows schematically the configuration of 
the wall construction for the Baseline model and the 
proposed one. The position of the PCM and the 
cementitious insulating foam among the wall layers 
can be observed in Fig. 2b.  

Concrete foams (see Fig. 3) are made of cement 
paste (or sometimes mortar) in which a very high 
amount of air voids is entrapped by using an 
appropriate foaming agent. Cementitious foams are 
non-flammable, possess an extremely high 
flowability (also suitable for 3D printing), a very low 
specific weight, generally contain no aggregates, and 
have outstanding thermal insulation properties. 
Based on a proper mix design, a wide range of 
densities can be attained (varying from 90 to 300 
kg/m3), as well as different porosities with particular 
pore size distributions.  

 
Figure 2: Wall construction material configuration. (a) 
Baseline model; (b) Proposed wall. 
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The thermophysical properties of the 
cementitious foam are taken from [8]. This foam was 
designed with a targeted dry density of 180 kg/m³ 
while using a water-to-cement ratio for the cement 
paste of 0.4. 

 
Figure 3:  
Typical concrete foam and 3D heat flow schematization. 

 
 
 The Rubitherm RT25HC [9] is chosen as 

reference PCM. With this, a shift of +10/-10 °C is 
numerically allowed for the enthalpy curve (latent 
capacity) of the material to study the optimal melting 
temperature (Tpeak) in the optimization task, see Fig. 
4. The latent thermal capacity of PCM is represented 
by the PCM model (MaterialProperty:PhaseChange) 
of EnergyPlus [10]. The main input in this model is 
the enthalpy-temperature curve of the PCM. 

 
Figure 4:  
Enthalpy curve of the PCM as a function of the temperature 
and the considered optimization range. 

 
 
Tables 1 and 2 show the thermophysical 

properties of the wall construction layers for the 
Baseline model and the ones proposed herein, 
respectively. The optimization ranges for the 
cementitious foam and the PCM thicknesses are also 
specified in Table 2.   
 
 
 
 
 
 

Table 1:  
Thermo-physical properties of the wall construction 
elements for the Baseline model. 
 

Elem. K Thickness Density Cp 
 [W/(m K)]  [m] [kg/m3] [J/(kg K)] 

Concr. 
Block 

0.51 0.1000 1400 1000 

Foam 
Insul. 

0.04 0.0615 10 1400 

Wood 
Siding 

0.14 0.009 530 900 

 
Table 2:  
Thermo-physical properties of the wall construction 
elements for the proposed optimization. 
 

Elem. k Thickness Density Cp 
 [W/(m 

K)] 
 [m] [kg/m3] [J/(kg K)] 

PCM 
RT25HC 

0.200 0.001-
0.025 

820 2000 
(sens.) 

Concr. 
Block 

0.510 0.100 1400 1000 

Cement 
Foam 

0.059 0.010-
0.100 

180 938 

Wood 
Siding 

0.14 0.009 530 900 

 
2.4 Implementation and setup of the optimization 

To solve the optimization problem (1) for the 
case study, the NSGA-II optimization algorithm [11] 
is dynamically coupled with EnergyPlus to find the 
optimal design parameters that minimize both the 
heating and cooling loads. The implementation of 
the optimization algorithm is described in detail, in 
our previous work [12]. The optimization problem is 
solved by using a population size of 48 individuals 
and 100 generations, resulting in 4800 EnergyPlus 
simulations. 

 
3. RESULTS 

Fig. 5 shows the multiobjective optimization 
results obtained for the mentioned BESTEST 900 
case study.  These include the best trade-off (Pareto 
front) between heating and cooling loads and all the 
feasible designs evaluated during the optimization. 
Furthermore, the heating and cooling loads 
demanded by the Baseline model are also shown to 
have a reference for the improvements reached by 
the optimized designs.  

From these results, it can be seen that there is a 
wide range of designs for the variables analyzed. In 
this space, several designs can reduce the cooling 
loads but increase the heating ones in comparison to 
the Baseline configuration.  Moreover, there are a 
few designs that reduce the loads for both heating 
and cooling compared to the Baseline model.  

 

1 cm

 

Figure 5:  
Optimization results of the annual ideal loads, for heating 
and cooling, considering the case study in Sofia. 

 
 

To better understand the physics behind the 
optimal designs (Pareto front), the optimum 
thicknesses of the cementitious foam and PCM are 
shown in Fig. 6. The designs go over the Pareto front 
from the solution with the best performance for 
heating (Opt-1) to the solution with the best 
performance for cooling (Opt-48). It can be observed 
that the thickness of the cementitious foam 
(insulation material) is the thickest one allowed (10 
cm) to reduce the heating loads (Opt-1), and from 
here, it decreased until reaching the thinnest one 
allowed (1 cm) for minimizing the cooling loads (Opt-
48). Moreover, all optimized designs chose the 
thickest PCM. 

 
Figure 6:  
Optimal thicknesses for the cementitious foam and PCM 
for each design on the Pareto front. 

 
 
Regarding the optimum melting temperature of 

the PCM, Fig. 7 shows the optimum Tpeak obtained for 
each design on the Pareto front (Opt-1 to Opt-48). 
The design with the best performance for heating 
(Opt-1) employs a PCM with a peak melting 
temperature of 22.66 °C, while after that, the 
optimum Tpeak increases up to 28 °C and stays around 
this value for reducing the cooling loads. 

 

Figure 7:  
Optimized Tpeak of the PCM obtained for each design on the 
Pareto front. 

 
 
To enable quantitative analysis, Table 3 

summarizes the performance of obtained optimum 
designs and their relative energy savings in 
comparison to the Baseline model. The configuration 
of these optimized designs is described as well. 

The best design for reducing the heating loads 
(Opt-1), achieves 11.76% of heating savings but 
almost did not reduce the cooling loads (0.06%), 
resulting in an 8.73% saving on the total loads. 
Conversely, Opt-48 achieves a 30.01% of reduction 
for cooling but had increased heating loads by 
89.38%, resulting in a 58.47% increase in the total 
loads. Regarding the best design for reducing the 
total loads, the Opt-4 is the best option on the Pareto 
front. This design archives a reduction of 8.95% for 
the total loads by saving 11.34% and 2.14% for the 
heating and cooling loads, respectively. The 
configuration of this design compromises 10 cm 
thickness for the cementitious foam combined with 
2.5 cm of PCM, and this PCM has a Tpeak of 24.41 °C.  

 
Table 2:  
Configuration and energy performance of the Baseline and 
optimized designs. 

  Baseline Opt-1  Opt-4  Opt-48  
Heating 
load [kWh] 2914.14 2571.34 2583.8 5518.74 
Cooling 
load  [kWh] 1018.04 1017.46 996.28 712.51 
Total load  
[kWh] 3932.18 3588.80 3580.0 6231.25 
Heating 
saving [%] - 11.76 11.34 -89.38 
Cooling 
saving [%] - 0.06 2.14 30.01 
Total 
saving [%] - 8.73 8.95 -58.47 
d1 [m] - 0.025 0.025 0.025 
Tpeak [°C] - 22.67 24.41 27.97 
d2 [m] - 0.10 0.10 0.01 
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4. CONCLUSION 
This paper introduced a multiobjective 

methodology to optimize the design of an insulating 
cementitious foam combined with phase change 
material (PCM) in buildings. To address this, the 
multi-objective Non-dominated Sorting Genetic 
Algorithm-II (NSGA-II) was dynamically coupled with 
annual EnergyPlus simulations for the BESTEST 900 
from ANSI/ASHRAE Standard 140-2011. Parametric 
models for the cementitious foam and PCM were 
implemented in the EnergyPlus simulations to study 
the optimal thicknesses of the materials along with 
the PCM melting temperatures. 

The optimization results showed that heating and 
cooling loads have a complex and contradictory 
relationship regarding the design variables. 
Therefore, a simulation-based and multiobjective-
based optimization approach is needed and highly 
recommended for performing the optimization of 
the PCM melting temperatures as well as of the 
insulation thickness in buildings. 

Regarding the cementitious insulating foam, the 
optimum design for reducing heating loads is 
achieved for a thickness of 10 cm, while a thickness 
of 1 cm is necessary to minimize the cooling loads. 
This latter shows that insulation materials have to be 
carefully designed by also considering the building 
typology and local climate. 

As for the PCM, all optimum solutions on the 
Pareto front employ the thickest option of 2.5 cm but 
were combined with different melting temperatures 
related to the performance of the design. A melting 
temperature of 22.66 °C was necessary for reducing 
the heating loads while a melting temperature of 
around 28 °C was preferred for reducing the cooling 
loads. 

Regarding the optimal combination of the design 
variables, there is a design that can reduce the 
heating loads up to 11.76% and another design that 
can reduce the cooling loads up to 30%. In terms of 
total loads, the best design reduced 8.95% of the 
loads by using 10 cm of cementitious foam combined 
with 2.5 cm of PCM with a melting temperature of 
24.41 °C. Here, it was demonstrated that it is 
possible to improve the original wall configuration by 
the optimum combination of a cementitious foam 
with a PCM. It may be worth noting that an improved 
performance compared to the original results was 
achieved by an increased thickness of the 
cementitious foam. This is because the building 
typology was dominated by heating loads and the 
original insulation had a lower thermal conductivity 
than the employed cementitious foam. 

Finally, the proposed methodology showed great 
robustness to explore the optimum solutions for 
optimized building designs that use PCMs. Future 
works will be focused on adapting and employing the 

methodology to design the NRG-FOAMs panels 
planned to be tested at a real scale BESTEST 900 
buildings of the NRG-STORAGE project. 
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ABSTRACT: The use of surface materials with adequate thermo-optical properties at pavements, facades and 
roofs is an effective strategy to optimize the management of solar energy in cities, mitigate urban overheating 
and improve energy efficiency in their buildings. This work presents an analysis of urban surface finish materials 
in five cities that cover a wide range of geographic and climatic locations along Latin America: Campinas (Brazil), 
La Paz (Bolivia), Mendoza (Argentina), Santo Domingo (Dominican Republic) and Valparaíso (Chile). One 
residential neighborhood was selected in each city with special need for urban and building rehabilitation. A 
unified procedure was defined to examine the in-use urban finishing materials and collect preliminary data 
affecting their interaction with solar radiation at the five neighborhoods. The results indicate that in-use 
materials were not selected according to the specific climatic characteristics of each location. These preliminary 
data were compiled into a catalogue that will be expanded in future research with the experimental thermo-
optical properties of the in-use materials and those locally available for urban rehabilitation. The final objective 
of the research is the proposal of urban surface materials adapted to the local conditions in each city and 
considering sustainability aspects as well. 
KEYWORDS: Solar energy, urban sustainability, surface materials  
 
 

1. INTRODUCTION  
Rising temperatures and heat waves constitute 

one of the main effects of Global Change on the 
climate and intensify one of the main current 
environmental challenges: the warming of urban 
areas. It is estimated that the percentage of urban 
population in Latin America is 80% and the forecast 
is that it will increase to 88% in the year 2050 [1]. It 
is therefore essential that, both in the rehabilitation 
and in the development of cities, measures be 
implemented to mitigate this effect. However, the 
research papers on urban heat island effect in this 
area of the world are, for the moment, scarce [2,3].  

On the other hand, the high-altitude Andin 
regions are characterized by a cold weather and a 
high intensity of solar radiation. In this case, the 
main problem is not urban overheating, but the 
need to maximize the use of solar energy to 

improve indoor comfort and reduce the heating 
demand in buildings. 

The optical and thermal properties of the 
surface materials in buildings and pavements define 
the percentage of solar energy absorbed and the 
speed at which this energy is radiated into the 
atmosphere. Consequently, these are critical 
parameters for the temperature of the urban 
environment and of the indoor conditions in 
buildings. Therefore, it is possible to mitigate 
overheating in cities and improve energy efficiency 
in their buildings by using surface finishing materials 
with thermo-optic properties that optimize solar 
energy management [4,5,6]. 

The general objective of the research pursues 
the selection of sustainable surface finishing 
materials with thermo-optical properties that 
optimize solar energy management at Latin 
American cities. As a first step, it is necessary to 
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identify and catalogue the materials currently in use 
in the cities. Latin American countries share a 
similar history during colonial times and similar 
languages that provide important cultural, social, 
and economic links between them. However, they 
have different climatic conditions and socio-
economic evolution throughout more recent times, 
which have given rise to varied urban 
configurations. To include these configurations in 
the research, the cities analyzed must cover a wide 
range of geographic locations, climatic conditions, 
and demographic and economic characteristics 
throughout Latin America. In this context, a 
cataloging of surface finish materials has been 
addressed in five Latin American cities: Campinas 
(Brazil), La Paz (Bolivia), Mendoza (Argentina), Santo 
Domingo (Dominican Republic) and Valparaíso 
(Chile). A specific neighborhood has been selected 
in each city that represents deprived areas with 
special need for urban and building rehabilitation. 
The cataloguing methodology has been defined and 
the catalogue has been initiated with a set of 
qualitative data that will be complemented with the 
thermo-optical properties, sustainability aspects 
and properties related to the material application. 

This information will be used to evaluate the 
potential improvement of sustainability that could 
be obtained through the substitution of current 
materials by others available in the local market.  

 
2. METHODOLOGY 

The methodology of the research was 
developed in three steps. 
2.1. Assessment of Latin American cities involved 
in the study 

In the first place, the main parameters that 
define the cities participating in the study were 
collected and compared. The parameters include 
those determining the local solar irradiation: 
latitude, altitude and climatic conditions as defined 
by the Koppen-Geiger classification [6]. The 
temperature (minimum, maximum and mean 
annual values), the mean relative humidity and the 
mean Urban Heat Island were considered, as 
parameters closely related to the main problems of 
urban discomfort and energy inefficiency of 
buildings in each location. Finally, the population, 
the surface of the urban area and the Gross 
Domestic Product characterizing each city was 
included in the comparison to approach the 
capability of addressing rehabilitation solutions. 

 
2.2. Selection of neighborhoods to be included in 
the research 

As a second step, one specific neighborhood was 
selected in each city for the analysis, following 
consistent criteria in all the cases. The criteria 

include that the neighborhoods be located at 
homogeneous areas of mainly residential use and 
with a clear need for urban/buildings rehabilitation 
due to discomfort conditions attributable to urban 
envelope materials. In addition, only safe areas 
were considered, which may be visited with no 
specific risk for a detailed analysis and 
measurement of envelope materials. 

 
2.3. Definition of a catalog of urban surface 
finishing materials 

Cataloguing of surface finishing materials in use 
at pavements, facades and roofs of the selected 
urban areas was addressed. A data collection sheet 
was structured to collect the information 
corresponding to each material. The sheet is 
segmented in two parts associated to the two steps 
of data collection. In the step presented in this 
work, preliminary data were collected, including the 
material application, frequency of use, appearance 
(color and texture), nominal properties, availability 
and estimated cost. Different types of data sources 
were allowed, as in-situ sampling, Google Earth 
images or previous research works.  

These preliminary data were compiled in a 
catalogue that will be expanded in the second step 
of the research.  
 
3. RESULTS 
 
3.1 Characteristics of the studied cities 

Table 1 shows the parameters selected to define 
and compare the five cities participating in the 
study. The latitudes range from locations close to 
equator, as La Paz and Santo Domingo, to the 
latitudes around 33°S in Mendoza and Valparaíso, 
with Campinas at an intermediate value. This 
parameter influences the inclination of solar 
radiation and consequently its heating capacity of 
urban surfaces. This capacity is also determined by 
the altitude, being especially high in the case of La 
Paz, which is located at an altitude of 3500 m in the 
Altiplano of the Andes. At the opposite side, two 
low-altitude coastal cities are analyzed, Santo 
Domingo and Valparaíso. The distance to the coast 
and the presence of surrounding mountains, as the 
Andes in La Paz and Mendoza, determine the 
cloudiness in each location. 

The climatic characteristics of the selected cities 
are very different as a consequence of the different 
locations: Campinas (Brazil) is placed in the 
category of warm temperate climates and 
specifically in dry-winter humid subtropical climate 
(Cwa), La Paz (Bolivia) in a polar tundra climate (ET), 
Mendoza (Argentina) in an arid desert climate (Bw), 
Santo Domingo (Dominican Republic) in a tropical 
savanna climate with dry winter characteristics (Aw) 

 

and Valparaíso (Chile) in a temperate 
Mediterranean warm summer climate (Csb). 
Regarding the demographic and economic aspects, 
most densely populated cities are La Paz and 
Campinas, which differ significantly in their Gross 
Domestic Product (GPD). La Paz, Mendoza and 
Valparaíso show medium to low density and GPD 
values.   

The data collected in Table 1, confirm that the 
areas of analysis cover a wide range of geographic 
and climatic locations and of demographic and 
economic characteristics along Latin America. This 
variety justifies the interest in performing a 
comparative study of the urban surface finish 
materials in these cities and their behavior under 
solar radiation. 

 
Table 1:  
Characteristics of the cities under analysis. 

 
Parameter Campinas La Paz Mendoza S. Domingo Valparaíso 

Latitude 22°48′S 16°29′S 32°54′S 18°28´N 33,03° S 
Altitude (m) 680 3500 764 14 250 
Climate [ref]  Cwa ET Bw Aw Csb 

Direct normal irradiation per year 
(kWh/m2) 1781 2425 2189 1750 1966 

Temperature (°C) 12/32/22 -2/15/7 1/37/18 20/32/26 11/18/14 
Mean Relative Humidity (%) 70  52 83 75 

Mean Urban Heat Island (°C) 3-6  6.5   
Population (million people) 1.22 0.86 1.09 1.04 0.30 

Urban surface (km2) 795  168 104 402 

% Gross Domestic Product 0.9 28 4 67.9 10.4 

Note: Temperatures are given as minimum/maximum/mean annual values. 
 

3.2 Characteristics of the selected neighborhoods 
Specific urban areas were selected for the study 

that comply with the general selection criteria 
detailed in section 2 and present other peculiarities 
of interest. The different morphologies of these 
areas are shown in Figure 1. 

In Campinas (Brazil) a neighborhood in the 
district of Campo Grande was selected. Developed 
from 1950 without an adequate urban planning and 
infrastructures,   most of the buildings are single 
storey and distributed in an organic morphology 
with  streets width in the range of 9-12 m and 
around a 5% of vegetation coverage. The district 
includes various sectors exposed to high and very 
high vulnerability with subnormal urban 
agglomerations, which have become special areas 
of social interest for regularization by the City 
Council. 

In La Paz (Bolivia), the adjoining neighborhoods 
Huacataqui and Chualluma were analyzed. While 
the former is representative of the conventional 
urban envelopes of the city, Chualluma represents 
the current transformation of the facades, 
redecorated with geometric patterns and brightly 
colored ethnic murals to enhance the identity of the 
area. These are basically pedestrian areas with 1-2 
story houses, distributed in an irregular urban 
morphology, which adapts to the sloped 
topography of the site. The streets are narrow, 

plenty of stairs and without vegetation. They belong 
to the six “Barrios de Verdad” of the city, a public 
project for urban rehabilitation of vulnerable 
neighborhoods with special involvement of the 
inhabitants.  

In Mendoza (Argentina) the analysis was 
performed at the Cementista neighborhood, which 
is a peripheral residential area representative of 
social neighborhoods in the city. It has a 
homogeneous building typology, characterized by 
1-2 story houses. The area is characterized by an 
orthogonal grid morphology, in the form of 
checkerboard with rectangular blocks, street widths 
(vehicular zones) in the range from 9 to 12 meters 
and a 13% of the surface covered by urban forestry. 
The high potential of urban rehabilitation is related 
to the high percentage of built area (80%). 

In Santo Domingo (Dominican Republic), the 
selected area was the San Miguel neighborhood, 
which is one of the oldest quarter of Santo 
Domingo´s Colonial City, dating from the 16th 
century. The current layout, from an intervention 
made in the 1970s, is a grid with rectangular, 
square, and triangular blocks. The paved streets 
have a width of 5 to 6 m, while the buildings are 1 
to 4 stories and vegetation coverage is found in a 
7% of the space. Urban rehabilitation of the area is 
expected to be performed in the near future.  
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a) Campinas. Campo 
Grande. 

b) La Paz. Chualluma -
Huacataqui. 

c)Mendoza. 
Cementista. 

d)Santo Domingo. 
San Miguel. 

e) Valparaíso. 
Quebrada Márquez 

 
Figure 1: 

Morphology of the neighborhoods studied. Reference: Google Earth Pro, 2022

In Valparaíso (Chile), the selected area was the 
Quebrada Márquez, housing complex, located 
within the founding area of the city. The  complex 
was built in the mid-20th century and presents 
social housing buildings in a block system. The 
blocks are 5 story buildings developed in a reticular 
morphology, with an urban grid in the form of 
checkerboards staggered along the slope. The area 
is characterized by eminently pedestrian and 
narrow streets, crossed by stairs and passages and 
without vegetation. The complex has the category 
of patrimonial protection called "Typical Zone" and 
is one of the most representative sectors of this 
urban singularity. 
 
3.3 Preliminary data collection 

Surface finishing materials at pavements, 
façades and roofs that are in use in each of the 
urban areas studied were inspected in-situ or using 
Google Earth images. A first set of data were 
obtained for the different materials and collected in 
data sheets as the one shown in Figure 2 (for façade 
materials). The sheet is divided in a first set of 
general data to identify the material and the 
manner and the frequency in which it is observed in 
the area of analysis.  

The second part of the sheet refers to 
morphological characteristics of the material 
affecting the interaction of the surface with solar 
radiation. A third set (not shown in Figure 2) will be 
completed in future research to include the 
thermo-optical properties of the surface material. 
Finally, a set of indicators related to sustainability is 
added and will be extended in the future.  

A catalogue was generated with the data sheets 
corresponding to all the surface finish materials in 
use in the studied neighborhoods. This information 
will be used to perform a comparative analysis, 
considering the characteristics of each location 
(Table 1). Optical characterization of surface finish 
materials will be performed by in situ measurement 
techniques and laboratory tests.  

 

 
Figure 2:  

Example of the data sheets used to collect the 
preliminary set of data from in use surface materials. 

 
Figures 3 and 4 show an extract of the 

catalogue, including the images of the most 
frequent surface finishes in the pavements and the 
façades, respectively, in the areas studied. 

A first analysis of the collected data indicates 
that the most used materials at pavements in all the 
areas studied are asphalt for vehicular use and 
concrete for both vehicular and pedestrian use. Soil 
pavements were also observed in Campinas, La Paz 
and Valparaíso (Fig. 3.b, 3.e and 3.n, respectively), 
and stone is used in Mendoza (Fig. 3.i) and more 
predominantly in Valparaíso (Fig.3.o). Finally, brick 
as surface finish material in sidewalks was only 
observed in Santo Domingo (Fig. 3.l)  

Pigmented mortars and painted renders are 
highly frequent surface materials in the façades of 
the five areas. They are predominantly colored 

 

white or in the range from yellow to red. Exceptions 
are the façades of the Chualluma neighborhood in 
La Paz, intentionally decorated in a wide variety of 
bright colors (Figs. 4.d and 4.e). Part of the blocks in 

Quebrada Márquez (Valparaíso) show a 
characteristic green render, as observed in Fig. 4.n. 

 

Figure 3:  
Predominant surface finish materials catalogued in pavements of the neighborhoods under study.  

 

 
Figure 4:  

Predominant surface finish materials catalogued in facades of the neighborhoods under study.  
 
Exposed brick facades were frequently observed 

as well in the neighborhoods of Campo Grande 
(Campinas. Fig. 4.c), Huacataqui (La Paz. Fig. 4.f), 
San Miguel (Santo Domingo, Fig. 4.l) and 
Cementista (Mendoza, Fig. 4.i). Finally, minority 
observed materials were wood façades in San 
Miguel and reinforced concrete walls in Quebrada 
Márquez (Figs. 4.k and 4.o, respectively). 

Regarding the roofs, sheet metal roof was 
observed as surface finish material in all the urban 
areas analyzed and was the predominant option in 

those of Valparaíso and La Paz. Cementitious flat 
roofs are usual in Santo Domingo neighborhoods 
and ceramic tiles were observed in inclined roofs in 
Campinas and Mendoza. Finally, polymeric flat roofs 
were only observed in the case of Cementista area, 
in Mendoza. 

The results from the preliminary data collection 
evidence the use of similar materials in the five 
urban areas analyzed, in spite of the significantly 
different characteristics and conditions described 
for each of them in sections 3.1 and 3.2. This means 
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that the choice of surface finish materials in these 
areas does not correspond to the climatic and 
environmental conditions in which they are 
inserted. In fact, they respond to the use of 
globalized technologies that implement materials 
with high thermal inertia. These technologies and 
materials are more suitable for cities more distant 
from the Equator than those analyzed in this study. 

Another evidence obtained from the study and 
observed in Figs. 3 and 4 is the degradation of the 
surface finish materials in part of the 
neighborhoods. This degradation affects the 
thermo-optical response of the materials and must 
be taken into account in future research.  
 
4. CONCLUSION 

This paper describes the first stage of a research 
addressing the improvement of urban sustainability 
in Latin American cities through the optimization of 
solar energy management.  

Preliminary data of the surface finish urban 
materials were collected with a unified 
methodology in disadvantaged neighborhoods of 5 
cities representing different climatic conditions. The 
data were organized into data sheets, gathered in a 
catalogue to ensure an efficient data management 
and a reliable comparison of the results from 
different locations.  

The results indicate that the materials currently 
in use in the studied neighborhoods were not 
selected according to the specific climatic 
characteristics of each location. This means that a 
more detailed research is of interest, to analyze the 
potential substitution of current materials by others 
adapted to local conditions.  

  With this idea in mind, the catalogue will be 
extended in the future with the experimental 
thermo-optical properties of the surface finish 
materials. Other properties related to their 
performance and sustainability (transport 
properties, thermal properties, carbon footprint, 
durability, etc.) will be assessed as well. The 
gathered information will be included in a life cycle 
analysis of the materials, in which the origin of the 
raw materials and manufactured elements will also 
be considered. Similar data of the materials 
available at the local markets for urban retrofit will 
be included as well. 

From this information, a suitable strategy to 
improve the urban sustainability will be assessed, 
based on the substitution of the current urban 
materials by others with optimized properties for 
the climate conditions of each area. Strategies to 
mitigate urban overheating through the reduction 
of solar energy absorption will be defined for areas 
affected by high temperatures. On the contrary, 
solutions to reduce the heating demand of buildings 

through the enhancement of solar gains will be 
proposed for colder areas. 

The methodology initiated in the present work is 
intended to be extended to other cities. Specifically, 
it will be implemented in a similar analysis under 
progress by the authors in deprived neighborhoods 
of Madrid (Spain). 
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ABSTRACT: Despite the well-known potential of Computational Fluid Dynamics (CFD) to enhance the prediction of 
Building Performance Simulation (BPS) models, several barriers prevent BPS simulators from actively using CFD. A 
recognized obstacle is the proficiency required to get a high-quality computational mesh to study the atmospheric 
boundary layer (ABL) flow in actual urban environments. Hence, this work aims to present and validate an 
automatic tool to generate and discretize a virtual wind tunnel from an urban geometry model given as an input. 
The development comprises an unattended procedure that analyzes the buildings and their components (walls, 
openings, shadings), determines dimensions of the domain and grid refinements that abide by the best practice 
guidelines, and finally constructs the mesh. Case studies with isolated and non-isolated buildings show the 
robustness and capabilities of the developed tool. A mesh convergence study is carried out to assess the sufficiency 
of the spatial discretization for ABL simulations. 
KEYWORDS: Urban environment, Atmospheric boundary layer flow, Computational fluid dynamics, Building 
performance simulation, Computational mesh, Natural ventilation 
 
 

1. INTRODUCTION  
It is well known the need for feeding Building 

Performance Simulations (BPS) with data computed by 
Computational Fluid Dynamics (CFD) simulations 
(Cóstola et al., 2009). For instance, the wind-induced 
pressure distribution on the building openings is an 
essential input data for Airflow Network (AFN) models, 
and highly influential in the Natural Ventilation (NV) 
results (Gimenez et al., 2018). Moreover, thanks to the 
growing computing capabilities CFD can obtain 
detailed information about the urban microclimate, 
useful to predict the energy performance of buildings, 
and the comfort and health of citizens in both, indoors 
and outdoors environments (Toparlar et al., 2017). 

The construction of high-quality meshes is a 
prerequisite for successful CFD simulations. A set of 
best practice guidelines ensures the reliability and 
accuracy of the CFD predicted results, including a 
detailed description of the desired features for the 
computational grid (Tominaga et al., 2008; Franke et 
al., 2011; Marzei and Carmeliet, 2013). Among the 
latest works, Du (2018) has proposed a systematic 
mesh generation method controlling the mesh quality 
over the entire domain. However, the effort and 
difficulties of manually generating proper meshes for 
geometrically complex real urban environments 
prevent BPS simulators from being active CFD users. 

 In this context, Bre and Gimenez (2022) 
introduced CpSimulator, a platform that comprises a 
set of fully automatic CFD-based tools to perform 
atmospheric boundary layer (ABL) simulations. In that 

work, the automatic tool to generate the 
computational grid from a geometry file given as an 
input was summarized and applied to the study of 
simple models. The current work improves the 
procedure for managing complex urban 
environments. The geometry of the target building 
and its surrounding environment, using the EnergyPlus 
input format (IDF), is processed, reconstructed, and 
placed in a computational wind tunnel, which is then 
automatically discretized. The focus is put on 
computing the characteristic sizes of the building 
surfaces to assess an adequate local mesh resolution. 
In addition, the automatic detection of the urban 
envelope is introduced to ease the split of the spatial 
domain and improve the calculations in the urban 
area. Several case studies, involving isolated and non-
isolated buildings, show the capabilities of the 
developed tool. Additionally, the sufficiency of the 
spatial discretization generated by the automatic tools 
is assessed through a mesh convergence analysis of 
ABL simulations. 
 
2. METHODOLOGY 

The unassisted procedure to reconstruct the target 
building and its environment and generate the 
computational domain involves a sequence of steps 
described next.  

 
2.1 Geometry Input 

The description of the geometry of the building and 
its environment should accomplish: a) the +z 
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coordinate is the height direction and the true North is 
aligned with +y coordinate, b) length units should be 
in meters, and c) the building geometry should be split 
into different surfaces according to their usage (e.g., 
walls, roofs, floors, windows, etc.). The input format 
advised is IDF, the same generated to perform BPS in 
the EnergyPlus software. The automatic tools process 
specific objects such as zones, surfaces, openings 
(doors, windows), and shadings. In the case of urban 
models, it is suggested to represent the surrounding 
environment by using shading objects. So, the target 
buildings are automatically identified through the 
target zones included in the IDF file. Otherwise, the 
geometry is considered a unique and isolated building. 

 
2.2 Virtual Wind Tunnel definition 

First, the bounding box of the input geometry is 
automatically computed by an analysis of each surface 
of the target buildings and their environment. 

The geometry is relocated such that the center of 
coordinates is placed at the centroid of the target 
buildings at ground level. Thus, the geometry is 
introduced in a computational wind tunnel domain, 
whose external limit is a polygon of 24 sides to reuse 
the same mesh for the several simulations required 
due to varying the wind incidence angle.  

The dimensions of the computational domain 
abide the COST Action 732 European best practice 
guidelines for CFD simulation of flows in the urban 
environment (Franke et al., 2007). So, the height and 
radius of the “cylindrical” domain, i.e. 𝐻𝐻𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  and 
((𝑊𝑊𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜 +  𝑊𝑊𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏)/2  respectively, are defined 
such that guarantee a blockage ratio lower than 17% 
for horizontal and vertical directions to avoid virtual 
accelerations (Blocken, 2015). For this, it can be 
demonstrated (Bre & Gimenez, 2022) that two 
conditions should be simultaneously accomplished: 

𝐻𝐻𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐻𝐻𝑏𝑏𝑏𝑏𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏

= 6, (1.a) 

𝑊𝑊𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜 = max (15𝐻𝐻𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏, 2.5 𝑊𝑊𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏), (1.b) 

where 𝐻𝐻𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏 is the height of the tallest building, 
and 𝑊𝑊𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏 is the maximum projected frontal width 
of the building (or urban envelope) for any wind 
incidence, see Figure 1. 

Detecting the urban envelope enables the split of 
the domain into two distinct spatial areas to impose 
different mesh refinements and to gain versatility for 
the specification of the boundary conditions. In the 
outer area, the buildings or other obstacles are 
present, but they are modeled implicitly by the 
aerodynamic roughness length z0, which is estimated 
using the roughness classification of Wieringa (1992). 
The inner area represents the ground surface among 
the explicitly modeled buildings and other obstacles. 
In actual urban environments, the small-scale features 
are not explicitly represented (sidewalks, benches, 

fences, trees, hedges, etc.), so they should be implicitly 
modeled. To reproduce experimental wind tunnel 
results, imposing on this area the aerodynamic 
roughness of the turntable is convenient. 
 
Figure 1:  
Virtual wind tunnel for the CFD-based simulations: 
(a) the 3D perspective of the resulting computational domain 
for a case study of a generic urban area; (b) reference 
dimensions. 

 
2.3 Meshing process 

The meshing procedure is based on the 
snappyHexMesh tool. Initially, a background 
hexahedral mesh, with homogeneous cell size 𝐷𝐷𝐷𝐷, is 
recursively refined to shape the input surfaces that 
define the buildings and the boundaries of the 
computational domain. Next, the mesh is fitted to the 
surfaces splitting the hex cells around the objects, and 
finally, the mesh is shrunken back and prismatic cell 
layers over the building surfaces are inserted.  

    The entire process is unassisted but is controlled 
by several parameters set in advance. The key of the 
development is the capability to automatically define 
the refinement levels on the surfaces and inside 
predefined volumetric regions for a given reference 
cell size 𝐷𝐷𝐷𝐷 defined as: 

𝐷𝐷𝐷𝐷 (1 − 𝑚𝑚) 𝐷𝐷𝐷𝐷1 + 𝑚𝑚 𝐷𝐷𝐷𝐷2

𝐷𝐷𝐷𝐷1 = 0.75 min (𝐻𝐻𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏, 𝑊𝑊𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏),
𝐷𝐷𝐷𝐷2 = 0.75 mean (𝐻𝐻𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏, 𝑊𝑊𝑏𝑏𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑𝑑𝑑𝑏𝑏),  

where 𝑚𝑚 = 0.375. This specification allows defining a 
proper reference size for cases studies with different 
aspect ratios, this is, from a very low rise building or a 
residential urban envelope to an isolated high-rise 
building.   

A second automated analysis of each input surface 
enables exporting the STL files and computing local 
reference lengths to feed the meshing tool (see 
Algorithm 1).  

As presented in Algorithm 1, the ratios between 
global and local sizes, which define the refinement 
levels, are computed for each object. This allows 

 

meshing geometries where surfaces with very 
different length scales are simultaneously present. 
 
Algorithm 1:  
Automated analysis of an .IDF. The parameter ncells=6 for 
surfaces on targetBuilding and ncells=1 otherwise. 
1) foreach surf in surfaces 
 1.1) extract vertex coordinates and  
 1.2) transform points with locals relativeNorth, and 
origin and globals NorthAxis and zeroDispl 
 1.3) foreach opening in surf 
  1.3.1) get ref length as dx=min(lenght(edges)) 
  1.3.2) export the STL 
  1.3.3) remove the opening from surf  
 1.4) get ref length as dx=min(lenght(edges)) 
 1.5) export the STL of the resulting surf 
2) foreach shad in shadings 
 2.1) extract vertex coordinates and  
 2.2) transform points with globals NorthAxis and 
zeroDispl 
 2.3) detects if it is attached to a targetBuilding 
 2.4) get ref length as dx=min(lenght(edges)) 
 2.5) export the STL 
3) per surface, opening and shading determine the 
refinement level k=min(K) such as 

ncells < dx/(DX/2^K) 

 
To guarantee that grid lines are perpendicular to 

the walls and correctly reproduce the flow separation, 
prismatic cells layers are placed on every surface of the 
target building and the ground located in the inner 
area.  

The number of cells between two buildings or in-
between two surfaces of the same building is not 
explicitly imposed. The refinement level imposed in 
this region is a consequence of the volumetric 
refinement through distance bubbles required. 
Considering a building of width W, where the required 
refinement level on its surfaces is k, we impose four 
bubbles: (eight-cells length, k), (W, k-1), (2W, k-2), 
(4W, k-3), where the first value is the distance to 
building and the second the minimum refinement level 
demanded. The number of cells in between is a 
consequence of the surface refinement level, the 
layers on each opposite surface, and the volumetric 
mesh distance-based refinement, see Figure 2. 
 
Figure 2: 
Volumetric refinement through distance-bubbles. 
 

 
The quality of the computational cells is controlled 

via the maximum skewness, the non-orthogonality, 
and the aspect ratio parameters. The mesher 
prioritizes these requirements over a strict conforming 
of any detail of the geometry. The resulting high-
quality hex-dominant mesh is well suited for the finite 
volume method because of the low truncation errors 
and the fast iterative convergence. 

The final number of elements of the mesh can be 
accurately predicted a priori (without generating the 
mesh), since it is a consequence of the 𝐷𝐷𝐷𝐷 and the set 
of refinement levels demanded. This fact is used by 
CpSimulator to estimate the computational effort that 
supposes a given request. 
 
2.4 ABL simulations 

The ABL flow is considered as an incompressible 
homogeneous viscous fluid flow. The steady Reynolds 
averaged Navier-Stokes (RANS) approach is adopted. 
The closure models employed to estimate the 
turbulent viscosity are the renormalization group 
(RNG) k-ε model (Yakhot et al. 1992) for low-rise 
buildings and the k-ω SST model (Menter 1994) for 
high-rise buildings.  

For the inlet boundary conditions, the approaching 
wind profile for a neutral ABL is modeled using 
boundary conditions suggested by Richards and Hoxey 
(1993). A critical requirement is to guarantee that the 
inflow ABL profile imposed preserves its shape 
throughout the upstream domain despite the distance 
from the inlet to the building, i.e. maintains the 
horizontal homogeneity. Thus, a compatible wall 
function that depends on z0 is applied on the ground 
and a fixed shear stress condition on the top 
(Heargraves and Wright 2007). A summary of the 
boundary conditions employed is given in Table 1. 

 
Table 1:  
Summary of the boundary conditions employed. 

Location Velocity Pressure Turbulence 
inlet ABL Zero grad. ABL 

outlet outflow outflow outflow 

outer ground no-slip Zero grad. ABL wall 
functions 

inner ground no-slip Zero grad. 
ABL or std. 

wall 
functions 

top Shear 
stress Zero grad. Zero grad. 

Building walls no-slip Zero grad. std. wall 
functions 

 
The time-averaged RANS equations are solved 

using an implicit, segregated, three-dimensional finite 
volume method (FVM). Pressure-velocity coupling is 
solved with the SIMPLE algorithm (Ferziger and Peric 
2002). The running procedure starts the simulation 
with velocity and turbulent fields initialized 
everywhere to the free-stream conditions. To diminish 
the failure probability, an under relaxation is set during 
the first one hundred iterations. Then, it is gradually 
deactivated, while spatial and time discretization 
schemes are switched to second-order to get less 
diffusive results. The iterative solving process 
continues until the normalized residuals for continuity, 
velocity components, and turbulent fields have 
decreased by five orders of magnitude each one. 
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3. CASE STUDIES 
 
3.1 Isolated Building 

A first case study is a complex isolated building in 
which a non-standard floor-plan and surfaces with 
very different length scales are simultaneously 
present. Figure 3a shows the geometry obtained from 
the IDF file, while the resulting mesh after the 
automatic process is observed in Figure 3b. The grid 
consists of just over 1 million polyhedral cells, where 
95% of them are hexahedral. The maximum non-
orthogonality and skewness are 55 and 7, respectively, 
which guarantees a proper mesh quality for numerical 
simulations with the FVM. 

The geometric model includes complex 
architectural objects. Shading objects are employed to 
represent the floating roofs (the columns are not 
modelled), the lateral wall and several eaves. These 
very thin elements are modelled with baffles, i.e. mesh 
objects without thickness. The cell faces that represent 
these thin walls are duplicated and treated as 
boundary faces, which enables computing the flow 
over their two sides.   

Moreover, the model includes several windows 
and doors, see Figure 3a. A separated mesh surface 
(patch) is assigned to each of these openings, which 
eases defining the refinement level, imposing different 
boundary conditions (open or closed) and performing 
post-processing tasks. 

 
Figure 3:  
Isolated case study. (a) Geometric model (courtesy of Marieli 
Azoia Lukiantchuki, UEM Brazil); (b) Automatic mesh 
generated. 

 

 
1-  https://www.aij.or.jp/jpn/publish/cfdguide/index_e.htm 

 
3.2 Urban Centre 

The urban case study considered is the Case D of 
the Validation benchmark tests provided by the 
Architectural Institute of Japan1. The model comprises 
a high-rise building surrounded by city blocks. As the 
objective of the benchmark is to predict flow velocities 
in specific samples located between the highest 
building and its neighboring buildings, they are 
considered as target buildings for the meshing 
procedure.  

Figure 4 shows a general view of the mesh 
obtained, where the inner and outer areas are 
noticeable. The discretization consists of just more 
than 1.5 million polyhedral cells. From these, 95% are 
hexahedral, while the maximum skewness is 4.5 and 
the average non-orthogonality is 7.8. Less than 10 
faces present a non-orthogonality larger than 70. 
These faces are found in the conjunction of the 
prismatic layers on the ground and on the building 
surfaces, near to its corners. In spite of these rare 
faces, the grid generated shows the adequate features 
suggested in Franke (2007) to obtain reliable CFD 
results. For instance, the minimum grid resolution of 
ten cells per cube root of the building volume and ten 
cells per building separation to simulate flow fields is 
fully satisfied. 

 
Figure 4:  
Automatic mesh generated of a non-isolated case study for 
the AIJ Case D. (a) General view; (b) Close up view to the main 
building and a slice of the internal mesh 

(a) 

(b) 
 

3.3 Sufficiency of the spatial discretization  
A sensitivity analysis of the CFD results to the 

computational grids generated by the automatic 
meshing procedure is evaluated. The standard 

 

configuration described above is tested against 
successive refinements and coarsening. The reference 
size of the background grid, 𝐷𝐷𝐷𝐷, is modified manually 
while both the volumetric and surface refinement 
levels are kept constant. Therefore, the same 
refinement ratio is applied to the grid spacing normal 
to the walls, the spacing at flow boundaries, and at 
junctures in the geometry.  

CFD simulations were carried out and the mean 
wind pressure coefficients (𝐶𝐶�̅�𝑝) on selected surfaces of 
the target buildings are computed. The𝐶𝐶�̅�𝑝 differences 
for a given surface between using a grid level 𝑘𝑘 and a 
very-fine mesh are quantified with the relative 
difference, where the average of |𝐶𝐶�̅�𝑝|  is chosen to 
normalize the absolute difference. To summarize 
these indexes into a single value, the normalized root-
mean-square error for the grid level 𝑘𝑘  (𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝑘𝑘 ) is 
defined as: 

𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝑘𝑘 = 𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝑘𝑘

𝜎𝜎  ,           (3) 

where 𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝑘𝑘  is calculated using the differences of 
the predictions of 𝐶𝐶�̅�𝑝 between the 𝑘𝑘 and the very-fine 
grids considering all the surfaces, while 𝜎𝜎  is the 
standard deviation of the 𝐶𝐶�̅�𝑝  predictions using the 
very-fine grid. A value of zero in the indicator of 
Equation (3) means a perfect agreement. 
 
Figure 5:  
Percentage differences obtained per surface for the Cubic 
building. (a)  North wind incidence. (b) North-West wind 
incidence. 

 
(a) 

 
(b) 

Cubic building. The prediction of the Cp on the 
surfaces of a cubic building of 10 m per side is studied 
for North (N) and North-West (NW) wind incidence 
angles. The building is aligned such that each surface 
can be labeled with the cardinal point to which points. 
The wind profile imposed corresponds to suburban 
terrain conditions. The automatic procedure 
determines a 𝐷𝐷𝐷𝐷 = 8 m. This standard value is 
manually varied to get coarser or finer grids. Relative 
differences are presented in Figures 5a and 5b. 

When the standard refinement is used, the �̅�𝑪𝒑𝒑   
percentage differences are lower than 4% regarding 
using a very fine mesh. Computing the change ratio of 
the solutions for the three finest grids, it can be shown 
that the solution is in the asymptotic range of 
convergence. Monotonic convergence for the 
prediction of �̅�𝑪𝒑𝒑  is not achieved only on specific cases, 
as the roof on the cubic building with North-West 
wind. More insight is needed to discern potential 
drawback factors as the grid stretching and mesh 
quality near the corners. 
 
Table 2:  
Summary of the mesh configurations evaluated and their 
RMSEs for the cubic building. 

𝐷𝐷𝐷𝐷 Cells NRMSE (N) NRMSE (NW) 
14 31400 0.0444 0.0697 
10 74228 0.0346 0.0422 
8 138333 0.0272 0.0211 

6.25 275597 0.0072 0.0079 
5 530285 0.0 0.0 

 
L-shape floor-plan building. This non-convex floor-

plan building has 26 m of width, 38 m of breadth, and 
5 m of height. The concave surfaces, i.e. Surf-East1 and 
Surf-South2 are 25 m and 13 m in length, respectively, 
see Figure 6. Suburban terrain conditions are also 
considered. North (N) and South (S) wind incidence 
directions are studied. The automatic procedure 
determines a 𝐷𝐷𝐷𝐷 = 4 m. This value is manually varied 
to obtain successive grid coarsenings and refinements.  

 
Figure 6:  
L-shape Building case study. Coarsest mesh and surface 
labeling. 
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Table 3:  
Summary of the mesh configurations evaluated and RMSEs 
for the L-shape building case study. 

𝐷𝐷𝐷𝐷 Cells NRMSE (N) NRMSE (S) 
10 93443 0.0541 0.0672 
7.8 181716 0.0494 0.0476 
5.4 414457 0.0401 0.0226 
4 1131404 0.0139 0.014 

3.2 2156679 0.0097 0.0125 
2.8 3020852 0.0 0.0 
 
Discussion. Evaluating the behavior of the 

normalized root-mean-square error on Tables 2 and 3, 
grid convergence is detected: as the refinement is 
increased, RMSEs are monotonically approaching to 
zero for any case studied. In particular, this metric is 
lower than 3% when the standard mesh configuration 
is employed. 

In conclusion, the spatial discretization generated 
by the automatic procedure allows getting reliable 𝐶𝐶�̅�𝑝 

results. The accuracy is restricted to the own 
limitations of the RANS model employed, whose real 
numerical solution could differ from the true physical 
solution. The results obtained also confirm that the 
reference size of the background mesh could be 
employed in the platform as a tuning parameter to 
improve the confidence level of the solutions at the 
expense of a major computational effort. 

 
4. CONCLUSIONS 

A tool for the automatic meshing of a given 
geometry of a target building and its environment was 
introduced. The resulting computational wind tunnel 
domain accomplishes the recommendations in the 
international guidelines for the best practices for the 
CFD simulation of flows in urban environments. The 
automatic evaluation of local lengths of each surface 
of the geometry is the key for guaranteeing a proper 
level of grid refinement. The presented tool has shown 
great robustness since in most cases, and despite the 
complexity of the analyzed case, the automatic 
procedure achieves meshes with a large percentage of 
hexahedral cells, favoring the quality of the numerical 
solution obtained. The results obtained also confirm 
that the reference size of the background mesh could 
be employed as a tuning parameter to improve the 
confidence level of the solutions. 
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ABSTRACT: This paper presents a historical review of urban lighting, in order to understand the complexity of artificial lighting 
conditions of todays’ cities. In an effort to define guidelines for sustainable lighting strategies for resilient cities, this paper 
outlines the main focal points that need to be taken into consideration when planning lighting. The different layers of 
contemporary lighting are presented and innovation in each area is discussed. Through these topics, this paper presents 
lighting planning strategies that can contribute to intelligent resilience of urban built environments. The aim is to propose a 
different approach to urban lighting planning; a kind tailor-made for the main users of cities – the pedestrians - by creating a 
suitable environment that contributes to the urban experience at night. We explore how we can integrate the layer of street 
lighting, in balance with the other layers of urban lighting, in order to direct and enrich the street experience at night, and not 
just as a by-product of the planned vehicle traffic. Creating such lighting conditions in the urban areas will serve the present 
needs of the city dwellers, while not compromising the environment and endangering the wellbeing of future generations. 

 
1. INTRODUCTION 

Lighting has been part of our night-time urban 
environment since antiquity. Starting with the 
utilization of candles and oil lamps in ancient Greek 
and Roman civilization, street lighting has been a basic 
component of urban outdoor planning throughout the 
centuries (Table 1).  

 
 Humans managed to cross the frontier of darkness 

in their cities with the development of artificial 
lighting. Lighting planning became an integral part of 
urban design and reached new levels of complexity as 
artificial luminaire technologies and smart systems 
developed. On the one hand, humans managed to 
adapt the night-time environment to their needs for 
visual comfort and secure environments. On the other 
hand, our cities today have reached levels of visual 
overstimulation at night, light-pollution, and an overall 

psychologically unhealthy night environment. In many 
cases, urban lighting is merely functional and lacking 
hierarchy, thus not enriching our perception of the 
built environment.  
 
2. HISTORICAL BACKGROUND  

Lighting of the public space during the night hours 
is a broad and important subject with many 
parameters. The historical review presented here 
focuses on the way artificial lighting appeared and 
developed on a technical level and how it affected city 
dwellers. It should be noted that this historical 
overview mainly refers to Europe and America and the 
technologies that appeared there. 
2.1 Ancient & Medieval Times 

The initial purpose and function of street lighting 
was security. It was used by the Greek and Roman 
civilizations, utilizing oil lamps, mostly because they 
provided long lasting and moderate flames.  

 The Romans had a “laternarius”, which was the 
term for a slave responsible for lighting up the oil 
lamps in front of their villas. This task was kept up until 
the Middle-Ages when the “link boys” escorted people 

Table 1: Summary of historical overview of urban lighting 

Figure 1: Lighting scheme, Ancient & Medieval Times, 
streets are dynamically lit according to the movement of 
people in the public space 

 

 

from one place to another1. Night watchmen carried 
weapons and torches with them on their rounds. 
Anyone who did not carry a light was regarded as 
suspect and could be arrested on sight. The light escort 
service created dynamic lighting, movement in space, 
and changed with time, with movement, according to 
people’s needs (Fig.1).  

 
2.2 16th Century  

The first attempts to create permanent street 
lighting were made in Paris in the sixteenth century. By 
a parliament decree, during the winter months, a 
lantern should be hanging out under the level of the 
first-floor windowsills before six o’clock.  It was to be 
placed in such prominent position so that the street 
received sufficient light2. This “navigation lights” 
provided the city streets with structure and order by 
putting the attention on the volumes and the borders 
that created the space (Fig.2).  

 
2.3 17th Century 

In the late seventeenth century, lanterns were 
mounted on cables above the streets rather than on 
houses (Fig.3). The diversity of private lanterns was 
replaced by standard lanterns, consisting of a candle in 
a glass box. Initially, 2,700 lanterns were installed in 
Paris. By the 2nd half of the eighteenth century the 
number had risen to about 8,000.3 The lanterns were 
attached to cables strung across the street so that they 
hung exactly over the middle of the street.  To control 
the precise time at which they should be lit or 
extinguished, lighting schedules were made. These 
calculated the exact times of sunrise and sunset, as 
well the hours of moonlight for each month. Over time 
the variable distance between lanterns was 
standardized and reduced to every third house (Fig.4). 
Later the brightness of the lanterns was also improved 
by using reflectors and changed from candles to oil 
lantern with several wicks.4  

 

2.4 End of 17th Century -Oil Street Lighting 
In 1669 Jan var der Haeyden developed an oil 

lantern for street lighting, which was first used in 
Amsterdam. The lanterns were hung in the middle of 
streets using transverse cables. In open spaces 
(squares, gardens...) they were hung on hangers or 
brackets attached to iron. The lanterns were set at 5 
meters above ground and were lit and monitored 
during the night by employees, who were assigned 20 
lanterns each.  

 
2.5 19th Century- Gas Lighting 

In 1792, the Scotsman William Murdoch and 
French JP Minckelers made gas lamps used with the 
principle of distillation of coal in a closed chamber. 
However, only after more than 20 years of various 
experiments did the industrial production of gas 
lanterns really begin. The first public street lighting 
with gas was at Pall Mall, London in 1807. In 1812, the 
first gas company in the world came into being in 
London. Less than two years later, Westminster Bridge 
was lit by gas. The earliest lamps required a 
lamplighter that toured the town at dusk, lighting each 
of the lamps separately, but later designs employed 
ignition devices that would automatically strike the 
flame when the gas supply was activated.  

The first street lighting lanterns were set solely on 
wall brackets or were suspended (Fig.5). In 1830 the 
first candelabra appeared. It was around 1850 that 
lighting truly started to spread throughout France. 
Candelabra were placed all over the country, making 
way for coexistence between oil lighting and gas 
lighting. The candelabra had the advantage of having 
its gas conveyed by pipes. In Paris around 1840, in 
order to consider the moonlit nights on which street 
lighting is normally reduced, two types of street 

Figure 2: Lighting scheme, 16th Century 

Figure 3: Lighting scheme, End of 17th Century 

Figure 4: Lighting scheme, 17th Century 

Figure 5: Lighting scheme, 19th Century- Gas Lighting 
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lanterns were developed. Permanent lanterns which 
burned from sunset to sunrise, and variable lanterns 
which were lit only when the moonlight was not bright 
enough to light the streets5. 
 

2.6 End of the 19th Century- Moon Light Towers 
Moonlight towers are lighting structures designed 

to illuminate big areas of a city at night (Fig.6).The 
structures were popular in the late 19th century in 
cities across The United States and Europe and were 
most common in the 1880s-1890s. In some places they 
were used when standard street-lighting systems. 
Elsewhere they were used in addition to existing gas 
street lighting. The towers were designed to illuminate 
areas of several blocks at once. Arc lamps were the 
most common method of illumination, known for their 
exceptionally bright and harsh light. As incandescent 
electric street lighting became common, the 
prevalence of moonlight tower systems began to 
wane.6 

2.7 End of the 19th Century – Electric Street Lighting 
The first electric streetlights employing arc lamps 

were developed by the Russian Pavel Yablochkov in 
1875.This was a carbon arc lamp utilizing alternating 
current. Yablockov candles were first used to light the 
“Grand Magasins de Louvre”, Paris. This improvement 
was one of the reasons why Paris earned its nickname 
“City of Lights”.  

The technology of these lamps was not yet fully 
developed, their use was highly energy consuming, 
and the light output unsatisfactory, therefore a poor 
value for money compared to gas lighting. Not until 
the early 20th century through the work of Thomas 
Edison, who filed the patent for this technology, did 
the electric lights began to compete with gas lighting. 
Between 1910 and 1940, many major cities were 
connected to the electricity grid, and electric lamps 
using incandescent lamps were gradually replacing gas 
lanterns. The last gas lanterns disappeared from 
France in the mid-1960s7.  

The first discharge lamps that were heavily used in 
street lighting emerged in the 1930s8. These came in 
the form of a tube in which two electrodes were 
placed in its ends. The tube contained mercury gas and 
its inner wall was covered with a fluorescent powder. 

 They quickly took the name of fluorescent tubes and 
their general use started in 1945.  

In 1932 the first sodium vapour lamp appeared. In 
its debut it was presented as a long light bulb, 10 
centimetres wide. It emitted a light radiation by 
passing an electric arc in a medium rich in sodium. This 
type of lamp emitted a yellow-orange light. 

Facilities using sodium lamps, today called low-
pressure sodium lamps, started developing in 1950. 
Fluorescence and sodium coexisted; each technology 
having its own advantages and disadvantages. 9 

 
2.8 Metal halide lamps 

The first metal halide lamp was put on the market 
in the U.S. by General Electric in 1961. It used a mixture 
of mercury and iodides (negative ions) of sodium. The 
light obtained, having a white with pink hue, was 
unsatisfactory. Work carried out in 1965 was far more 
adequate. The lamp emitted light of a bluish-white 
colour.10 

Until the early 20th century when lighting was 
reserved only for citizens in cities, most of the 
achievements of public lighting were brought in from 
small towns (Fig.7). The facilities were very expensive 
and so installed for a population that had the means 
to afford them. After the First World War electric 
streetlights began to spread and the developments of 
manufacturers were increasingly brought to the big 
cities. Until about 1970, requirements for public 
lighting were primarily functional. Its role was almost 
exclusively reserved for the purpose of security11. The 
late 1960s saw the emergence of new needs in terms 
of lighting, putting more and more emphasis on 
aesthetics.  

 
2.9 Generalization of lighting style 

The aesthetics of the products in daytime had 
become more and more important. In this framework 
developed what was promptly called “style lighting”. 
The meaning of this is the manufacture of new 
products by reusing the design of old lanterns and 
adapting it to electric lighting. It is difficult to date the 
appearance of lighting styles as most major cities had 
not replaced some of their old gas lanterns by the late 
1950s. 

Today street lighting is designed mainly for 
vehicles. According to CIE regulations, the intensity of 

Figure 6: Lighting scheme, End 19th Century, Moon Light 
Towers 

Figure 7: Lighting scheme, End of the 19th Century – Electric 
Street Lighting 

 

 

illumination is determined by direct relationship to the 
number of cars in the street, with almost no reference 
to the pedestrian. There is also a clear demand for 
uniformity in the intensity of illumination. 

Conflict areas occur whenever vehicle streams 
intersect each other or run into areas frequented by 
pedestrians, cyclists, or other road users, or when the 
existing road is connected to a stretch with 
substandard geometry, such as a reduced number of 
lanes or a reduced lane or road width. For conflict 
areas, luminance is the recommended design 
criterion.  

The data tables reinforce the understanding that 
the way we plan our city street lighting is dull. The 
lighting is designed according to the number of 
vehicles and by the number of nodes regardless of the 
pedestrian street space. There is no real reference to 
a person’s visual perception and the space that holds 
the street lighting. Obviously, we need to have 
regulations for street lighting, but should vehicles be 
the main influential component, when they have their 
own lights? Are the streets designed for vehicles or 
pedestrians? What about the human scale? Human’s 
perspective and visual perception? We have a 
reference to the number of cars, why is there no 
reference to the amount of people who walk in the 
street? The perspective according to the regulations is 
extremely narrow and doesn’t take a lot of factors into 
account, for example: references to rush and low 
hours, references to the proportions and materials of 
the street and other important parameters that affect 
the experience of the urban space after dark. 

 
3. LIGHT, DARK AND THE PARADOX OF ARTIFICIAL 
LIGHTING 

1. In the beginning God created the heavens and 
the earth. 2. Now the earth was formless and empty, 
darkness was over the surface of the deep, and the 
Spirit of God was hovering over the waters. 3. And God 
said, “Let there be light,” and there was light. 4. God 
saw that the light was good, and he separated the light 
from the darkness. 5. God called the light “day,” and 
the darkness he called “night.” And there was evening, 
and there was morning—the first day.  

(Genesis 1, verses 1-5).  
In the creation of the world’s story, we are told 

about the first separation between light and darkness. 
God creates the light and by doing so defines the solar 
cycle throughout the day. This concept of separating 
light and darkness might be obvious for modern 
people, but it entails a rich history and deep meanings 
about the daily functioning of people in general and in 
the urban sphere specifically. Light and darkness have 
a complex relationship. Darkness is in fact the lack of 
light and vice versa, light is lack of darkness. Generally, 
like in genesis, light creates positive associations. It is 
associated with life, clarity, and safety, while darkness 

leads to negative associations. Darkness is the void, 
emptiness, the scary, and it is leading to a sense of 
insecurity. Light and darkness have direct influence 
over human beings and about our daily activity.  

On a physiological basis, the human vision system 
is divided to two separate systems, one for daytime 
and the other for night-time. Daytime vision is 
performed by the retinal cones. They are designated 
for vision in clear light, enabling a sharp vision. During 
night-time, vision is conducted by rod cells. These cells 
have nearly no conversion of colour so, naturally, the 
human vision during darkness is monochromatic. Light 
times are the ones dedicated for wakefulness and 
activity, while darkness is dedicated for introversion 
and sleeping. 

With the development of artificial lightning 
humans try to prolong the hours of activity. The 
invention of electricity and the use of artificial 
lightning are a focal turning point for the functioning 
ability of the city and the life in it. The usage of light, 
and specifically the use of street lightning, has become 
over the years part of the key infrastructure of the 
components that compose the public areas and the 
urban experience during night-time.  

 
 4. WHAT MAKES UP URBAN LIGHTING 

When we examine contemporary artificial 
lightning in the city as an infrastructure, a series of key 
questions rises – what makes up urban lighting, who 
does it serve and what is its purpose? 

The night-time cityscape is comprised of several 
layers of lighting, which together with traffic signals 
and signs organize and define the visual environment 
at night. The night, usually a time of darkness and 
silence, is slowly being dominated by people. We have 
managed to cross the boundary of darkness using 
artificial lighting, which offers us an illusion of security. 
We are so dependent on the sense of sight that only 
by extending it into the night can we feel secure in our 
ability to understand and control our environment. 

 
4.1 Street Lighting 

The brief historical review shows that urban 
lighting developed surrounding navigation within the 
city. In the 21st century Street lighting is designed, first 
and foremost, for roads. The light is adapted to 
functionality, safety and security requirements.  
Nowadays, the planning of our street lighting is based 
primarily on the regulations and parameters deriving 
from the speed of vehicles, the number of lanes, the 
number of intersections, and so forth (having adopted 
the full European standard for road lighting - 
EN13201). The regulations create a situation where 
the road is the main thing that is illuminated, even 
though the car has its own lighting and drivers are 
even able to manage without street lighting. Drivers 
on the road will experience the urban space for 
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seconds or minutes, whereas the actual consumers - 
who experience the urban space for many more 
minutes or even for hours - are the pedestrians; yet 
they don’t even constitute a key parameter in the 
design of street lighting. 

Doesn’t illuminating the streets with equal 
uniformity, result in us losing the diversity of the city? 
Why, instead of using light to emphasize certain 
places, we choose to light the streets in a uniform 
manner instead?  

 
4.2 Elevation Lighting 

A lot of the lighting in our urban built environments 
nowadays, comes from lighting building elevations. 
This layer of lighting is considering the e of buildings, 
lighting up some of them, leaving others in darkness or 
outlining them through silhouetting (Fig.8).  

 
Figure 8: Lit Elevation in Venice, Italy. 
Façade lighting aims to create an ambience in the 
urban fabric and accentuating architectural elements. 
In addition, it contributes with indirect lighting to the 
illumination of the streets and pedestrian areas. 

Depending on the function of the building, façade 
lighting needs to take into consideration the topic of 
glare and energy consumption. For residential 
building, it is important to correctly aim façade lighting 
so that it doesn’t trespass into the interiors. Regarding 
energy consumption, working hours of this layer of 
light should be considered, in order to avoid wasteful 
spending and unnecessary light pollution. 

 

4.3 Monument Lighting 
Monument light is highlighting important 

monuments within the city. This layer creates focal 
points within the urban fabric, while reinforces the 
understanding of the importance of such heritage sites 
to the collective memory, while contributes to place 
making (Fig.9). 
 
4.4 Landscape & Hardscape Lighting 

This layer of lighting is accentuating the “green” 
within the city and is mostly oriented towards 
pedestrians. There are different techniques for plant 
and tree lighting, like up-lighting and moonlighting. 
Often hardscape lighting can be integrated into the 
built environment, like within urban furniture, 
staircases or built walls (Fig.10). 

 
Figure 10: Lighting integrated in open amphitheatre in 
residential plaza, Tzur Itzhak, Israel. 

When planned thoughtfully, landscape and 
hardscape lighting does not aim to flood all areas with 
light. Rather, it aims through the contrast of light and 
darkens to emphasize elements and to create 
immaterial boundaries. 

 
5. PLANNING AND DESIGN METHODOLOGIES 

Technological advancements have generated a 
wealth of knowledge in the field of artificial lightning. 
Smart cities nowadays, start taking into consideration, 
that lighting conditions in the city should not be static 
throughout the night. Streetlamps can react to 
people’s presence and lower their illumination to 
minimal levels when no one is around.  

This is the beginning of rethinking the ways the 
public areas are lit12. This paper offers a method for 
designated and unique thinking about the lightning of 
the public area, in a manner that enriches the urban 
experience and creates new places.  

At the basis of this method there is a basic 
relationship between light, space, and usage. These 
concepts constitute the basis for planning of artificial 
lightning during dark hours, as the light corresponds 
and is adapted to the type of space and its usage. 
There are countless parameters that affect this 
relationship and our choices as planners in public areas 
– biology, focus, time, visibility, context, urbanism, Figure 9: Acropolis by night, Athens, Greece. 

 

 

sustainability, psychology, safety and security, and the 
depth perception of the space are just some of them 
to name a few. A coherent design process and 
methodology aims to group all of them together to a 
series of basic variables to improve and facilitate the 
process of planning the lightning of public areas, while 
highlighting the importance of an urban master plan 
that addresses lightning as a parameter that can 
generate urbanism during night-time. 

The urban master plans include endless laws and 
regulations related to traffic, statutory status and 
urban regeneration. Still, such methodology should 
examine the entire city and identify appropriate 
lightning situations for specific areas and different 
hours of the day. It is important for an urban lightning 
master plan to include eight key parameters: Strength, 
distribution, shadow, reflection, dazzling, colour, 
dynamism, and the type of light13: 

Strength – Artificial lightning enables a wide range 
of illumination levels and the usage of each should be 
done accurately. How dark should it be and how lit? 
The strength of light should be adapted to the usage 
of the specific space in the city while considering the 
type and the time of usage.  

Distribution and Contrast – What are the lit and the 
dark areas in the city? The distribution of light can be 
controlled and done precisely. Should we consider the 
way different built volumes, cut or influence the way 
the light is distributed? What is the shape of the light 
as it encounters the volume? Do we transfer the light 
through a filter to create varying colour or texture? All 
these, influence the way the light and space are 
perceived by the users.  

Shadow – Shadow is a direct outcome by the way 
we illuminate space. Shadow is considered a 
meaningful and important issue with significant 
practical and psychological implications. Therefore, 
when we plan the illumination in the city, we should 
plan while considering the direction of light and 
shadow, natural angles, and their characteristics.  

Reflection – Reflections are tricky. The city is full of 
reflections created by lightning, materiality, volumes, 
and the encounters between them. To have high-
quality planning we must deepen our understanding 
into the way planning creates different reflections and 
to the qualities we can produce from them.  

Glare – This is one of the most problematic 
phenomena in the human experience, creating a sense 
of insecurity and lack of orientation in space, but also 
high levels of glare can physically and psychologically 
harm the users. Therefore, it is important to 
understand where and in which situations glare can be 
caused, and to what extent.  

Colour – Artificial lightning comes in a spectrum of 
colour temperature and in a variety of colours. Colour 
has a critical influence on the human experience in 
space, and therefore we must identify the desired 

colour, while addressing the character of each place 
and its use. What is the colour of the light? Which 
filters are applied? 

Dynamism – Today, most street lightning is static. 
To create a high-quality experience of the public 
sphere we need to aim for a dynamic system. A system 
that can change and vary according to parameters 
related to natural light in space and the light projected 
from signs, private houses, and cars. Moreover, as the 
technology and smart cities develop, we can think 
about sustainable systems that can react to human 
presence and can be turned on and off according to 
the patterns of usage in designated spaces.  
 
5. CONCLUSIONS 

An analysis of today’s lighting planning 
methodologies indicates that the main purposes of 
street lighting are visual uniformity and vehicle traffic. 
The number of pedestrians and their visual perception 
do not affect the amount of light and how the street is 
lit. The lighting in our cities is mostly static and 
constant throughout the night. This causes for a higher 
level of energy consumption and light pollution. 

Our lighting planning strategies need to be 
oriented towards dynamic lighting, that reacts to the 
city dwellers as well as to the varied lighting conditions 
at any given night. All layers of urban lighting need to 
be addressed in a comprehensive manner, for lighting 
to enrich the human experience. Functionality and 
energy-efficiency will of course, remain parameter of 
lighting planning. By having a wholistic approach for 
urban lighting planning we can achieve visual comfort 
and well-being for the dwellers of the future 
sustainable and resilient city. 
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Effect of window glazing colour and transmittance on human 
visual comfort 
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ABSTRACT: Occupants’ visual comfort in an indoor space strongly depend on the quantity and quality of the daylight 
inside the space which can be altered with the type of window glazing. In this study, we compared the visual comfort 
perception of participants with sun in their field of view under two types of glazing: color-neutral and blue-tinted 
electrochromic glazing. The main experimental variables are the color and visible light transmittances of the glazing.  
The aim was to determine the influence of these variables on participants’ discomfort glare, view out and color 
perception. We found that the discomfort glare was perceived more strongly with blue-tinted glazing compared to the 
color-neutral glazing for a range of (low) transmittances. We also found that the colors of outdoor elements were rated 
non-natural in case of blue-tinted glazing compared to color-neutral glazing. The outside view was perceived more 
restricted in blue-tined glazing compared to color-neutral glazing even though both of them maintain view clarity. 
KEYWORDS: Visual comfort, Daylight, Window glazing, Color, Glare 
 

 
1. INTRODUCTION  

Windows and shading devices play a key role in 
allowing sufficient daylight into the buildings and 
providing a view to the outside. Current developments 
in the switchable electrochromic (EC) glazing technology 
facilitate daylight modulation for better thermal and 
visual comfort while maintaining the view to the outside 
[1], [2]. Electrochromic materials employed in 
commercially available smart glazing technology exhibit 
a spectral shift towards short wavelengths range in their 
darkened state, causing them to appear blue [3]. 
Therefore, the usage of this technology may alter the 
spectrum and the correlated color temperature of 
daylight inside the space, which have been shown to 
influence human visual comfort and health [4]–[6]. 
Previous studies on switchable electrochromic glazing 
have reported their positive influence on thermal and 
visual comfort, their capability in controlling glare and 
associated user satisfaction [7][8]. Studies have also 
shown that occupants prefer color-neutral illumination 
to ensure natural looking environments [9], [10]. With 
the recent developments in EC materials to improve the 
color-neutrality of the switchable glazing in the dark 
state, it seems plausible that the alteration of daylight 
spectra is minimized while further reducing the 
transmittance for glare control [11], [12]. To our 
knowledge, there are currently no studies comparing the 
visual comfort perception of blue-tinted EC glazing with 
color-neutral glazing at low transmittance levels. 

To address this gap, we conducted a between-
subject study under blue-tinted EC glazing and color-

neutral glazing of different low transmittance levels to 
investigate the effect of glazing color and transmittance 
on occupants’ visual comfort perception. For the blue-
tinted glazing, we installed a commercially available EC 
glazing, whereas to create color-neutral glazing, we 
installed color-neutral window films with low 
transmittance on clear acrylic panels fixed to a double-
pane glazing. We evaluated and compared participants’ 
responses to lighting environment, discomfort glare, 
color rendering, and view clarity to the outside under the 
blue-tinted EC glazing and color-neutral glazing.  

 
2. METHOD 
2.1 Experiment Design  
A between-subjects study involving 20 participants in 
blue-tinted EC glazing and 55 participants in color-
neutral glazing was conducted in a South-facing semi-
controlled daylit office-like environment from 2019 to 
2021. Experiments were conducted during the winter 
months under sunny conditions to benefit from low sun 
angles, thereby enabling to have the sun as the only 
glare source visible in the participants’ central field of 
view (FOV). The experimental setup and glazing 
configuration are shown in Fig.1.  
We exposed the participants to four experimental 
conditions in the blue-tinted and color-neutral glazing 
systems. In this article, we analyse three experimental 
conditions from each of the glazing type to have similar 
experimental scenarios for comparisons purpose. To 
create the conditions, we only varied the transmittance 
of the windowpane through which the sun was visible to 

 

the participants (“Sun Window” in Fig.1). We evaluate 
three levels of transmittance under blue-tinted glazing 
(v = 0.14%, 0.6%, 1.6%) and the color-neutral glazing (v 
= 0.36%, 1.25%, 3.4%). These experimental conditions 
are labelled as B1, B2, B3 for blue glazing and N1, N2, N3 
for the color-neutral glazing in the increasing order of 
their sun window transmittances. Their properties are 

listed in Table 1. 
The top-right windowpane was kept at maximum 
transmittance to allow sufficient daylight (“Daylight 
window” in Fig.1.) and to minimize the effect of low 
color-rendering inside the room. The remaining of the 
four window panes were kept at constant transmittance 
of 3.7% for blue-tinted glazing and 4.8% for color-neutral 
glazing. As our initial design intention was to keep the 
color-neutral and blue-tinted glazing at the same level of 
transmittance, we made sure to order color-neutral 
glazing with similar transmittance values as the blue EC 

glazing. However, when confronted with our findings, 
we measured the spectral transmittances of the EC 
glazing in a dedicated glazing and nano-technology lab 
facility. The measured transmittance values were found 
to be substantially lower than the ones received from 
the EC manufacturers. This explains the difference in v 

values between the two experiments.  

 
 
The room temperature and desk illuminance levels were 
constantly measured during the experiments and were 
kept within recommended levels to have constant 
conditions and avoid any confounding effects. However, 
the ambient lighting conditions were slightly higher in 
case of neutral glazing owing to the higher window 
transmittance as stated above. A manufacturer-
calibrated HDR camera with a 180° fish-eye lens and 
equipped with a vertical lux sensor was used to capture 

Figure 2 Falsecolor images of the test conditions shown to the participants with changing visible light transmittance of the sun window 
for blue-tinted and color-neutral glazing 

 

Figure 1 Participants performing the tasks in blue-tinted glazing (left) and in color-neutral glazing (right) 
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the luminance distribution in the field of view and record 
vertical illuminance at eye level. Figure 2 presents a 
sample of captured falsecolor luminance HDR images of 
the experimental scenes. A spectrometer was installed 
behind the screen looking towards the window to record 
the spectral irradiance inside the room near participants’ 
view point. Further details on the test room setup can be 
found in [8].  
 
2.2 Experiment protocol 
The experiments were conducted in the morning until 
early afternoon for two hours per participant on clear 
sky days. Participants were first briefed about the 
protocol and then answered some background 
questions about their demographics and indoor 
environmental preferences. Afterwards, they were 
exposed to four test conditions in randomized order to 
avoid any order bias. Their desk position was rotated for 
each scene in a way to keep the sun always in their 
central FOV. Each scenario was preceded by a break (~ 
5-10 minutes), where they wore an eye mask to dark 
adapt, during which researcher took the measurements 
and changed the glazing transmittance to prepare the 
room for next scenario. The exposure duration to each 
condition was about 15 minutes. 
During the exposure time, participants were given a 
typing task that allowed them to visually adapt to each 
condition. Afterwards, they filled a questionnaire 
reporting their level of comfort. Participants evaluated 
discomfort glare, lighting levels, color perception and 
view clarity associated with each scenario on different 
rating scales. During the break, we captured HDR images 
of each experimental condition from participant’s eye 
height and measured respective vertical illuminance. 
The falsecolor HDR images of the scenes are presented 
in the Figure 2. These images were later processed to 
derive the scene luminance maps and calculate glare 
metrics using evalglare (v. 3.02)[13]. 
 
2.3 Subjective questionnaires 
Participants answered an online survey questionnaire 
about the discomfort glare, view out perception and 
color perception after exposed to each testing condition. 
These questions were answered on the binary, 
categorial (Likert) or ordinal scales adapted from the 
previous visual comfort studies [14]–[16] with an aim to 
minimize the potential response bias that can be created 
by the rating scales. We analysed the responses 
pertaining to discomfort glare, color perception and 
view out in the subsequent section. 
 
3. RESULTS AND DISCUSSION 
3.1 Experiment conditions 

We performed statistical analysis on the cleaned dataset 
after removing the datapoints with unstable weather 
conditions and ensuring stable conditions throughout all 
the experiments. Table 1 summarizes the visual 
properties of all the experimental conditions under blue-
tinted and color-neutral glazing and the percentage of 
participants reporting discomfort in each condition. 
 

Table 1 Summary of the data measured for all the 
experimental conditions. 

 Scene  Glazin
g v 

Mean 
DGP 

Mean 
Ev 
(lux) 

Mean 
CCT 
(in K) 

% of 
ppl 
report
ing 
disco
mfort 

Bl
ue

-ti
nt

ed
 E

C 
gl

az
in

g 

B1 0.14
% 

0.32 670 8627 16% 

B2 0.6% 0.41 1050 9783 53% 

B3 1.6% 0.50 1650 1042
7 

89% 

Co
lo

r -
ne

ut
ra

l 
gl

az
in

g 

N1 0.36
% 

0.35 1770 5320 17% 

N2 1.25
% 

0.44 2200 5308 36% 

N3 3.4% 0.54 3300 5372 78% 

 
The mean Daylight Glare Probability (DGP) values 
derived from the captured HDR images directly relate to 
the glazing transmittance, while the mean Correlated 
Color Temperature (CCT) values calculated from the 
measured spectral irradiance relate to the overall color 
inside the room measured near participant’s view point. 
The ambient lighting levels are represented by the total 
vertical illuminance (Ev) measured at eye level. We can 
assess that the ambient lighting was a higher in case of 
neutral glazing due to the higher window 
transmittances. While the measured CCT values are 
higher in blue-tinted glazing conditions compared to the 
color-neutral conditions that has similar CCT for all four 
conditions. 
 
3.2 Discomfort Glare perception 
Figure 3 and Figure 4 shows the percentage of subjective 
votes experiencing discomfort glare on ‘Yes/No’ scale 
under all the glazing transmittances for blue-tinted and 
color-neutral glazing respectively. It can be observed 
from the figures that scene B1 with sun window 
transmittance 0.14% performs best in minimizing 
discomfort from glare for 84% of the participants under 
blue-tinted glazing, whereas similar or lower level of 
comfort can be achieved under color-neutral glazing for 
the scene N1 with sun window transmittance of 0.36%. 
The DGP value is higher for N1 scene compared to B1 
scene indicating that the glare should have been 

 

perceived higher in color-neutral glazing, however, we 
observe that people are tolerating glare better under 
color-neutral glazing compared to blue EC glazing. We 
can observe similar trends for all the remaining 
experiment scenes, e.g., comparing B2 of blue-tined 
glazing where 53% of participants are reporting 
discomfort with the N2 of color-neutral glazing where 
only 36% of participants are reporting discomfort which 
has higher mean DGP values.  

 
Figure 3 Glare vote distribution under blue-tinted glazing for 
three different glazing transmittances 

 
Figure 4 Glare vote distribution under color-neutral glazing for 
four different glazing transmittances 

To further validate these findings, we calculated DGP 
threshold values using the closest topright method in 
precision-recall curves [17], which are the borderline 
values between the comfort and discomfort. We found 
higher threshold value for color-neutral glazing 
(DGP=0.48) compared to blue-tinted glazing (DGP=0.40), 
which led us to conclude that the glare was perceived as 
stronger with the blue-tinted glazing. 

 
3.3 View Out perception 

Participants rated the clarity of the view out through 
the glazing on a 10-point scale from not clear at all to 

very clear. The outside view was the same for both the 
color-neutral and blue-tinted glazing type since the test 
rooms were located next to each other. In case of color-
neutral glazing, view to the outside was rated as not 
clear in 18% of the cases whereas in blue-tinted glazing 
view was rated as restricted or not clear in 37% of the 
cases. This is surprising since both types of glazing 
maintain a clear view to the outside. It could be due to 
the blue-shift if we consider that blue-tinted glazing may 
have a negative impact on how clearly the outside view 
is perceived. This is not really reinforced, however, by 
the answers regarding satisfaction with outside view, 
which was rated similarly in both the glazing types with 
75% satisfaction in blue-tinted glazing and 77% in color-
neutral glazing. We should also note the limitation that 
the window transmittances were slightly different in 
color-neutral glazing compared to the blue-tinted glazing 
which could affect the comparison of view out 
perception between the two glazing types. 
 
3.4 Color perception 
As observed in Table 1, blue-tinted glazing has much 
higher CCT compared to the color-neutral glazing. The 
quality of the color in blue-tinted glazing and color-
neutral glazing is demonstrated in Figure 6 in terms of 
the average chromaticity coordinates of the test 
conditions in comparison to the CIE D65 illuminant 
representing the white point.  
 

 
Figure 5 Votes on the color perception of the outdoor 
environmental elements  

As shown in Figure 5, the colors of the outdoor elements 
rendered by the blue-tinted glazing were found to be 
non-natural by 54% of the participants whereas in color-
neutral glazing the colors were reported non-natural by 
30% of the participants. The colors of the indoor 
elements were rated as natural in both blue and color-
neutral glazing by a majority of participants. This can be 
explained by the strategy of having a daylight window at 
maximum transmittance that allows the daylight inside 
the room without altering its color.  
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Figure 6 Chromaticity coordinates (x, y) representing the 
experimental scenarios (mean values) for blue-tinted and 
color-neutral glazing with the blackbody locus. 
 
4. CONCLUSION 
This study evaluated the occupants’ perception of visual 
comfort and quality aspects of a daylit office-like test 
room with blue-tinted and color-neutral glazing. We 
found that the colors of the outdoor environment were 
not perceived natural in blue-tinted glazing compared to 
color-neutral glazing for a majority of participants. The 
view to the outside was voted as being clearer in color-
neutral glazing compared to blue-tinted glazing, even 
though both glazings maintain a clear view to the 
outside. The color-neutral glazing performed better than 
the blue-tinted glazing in minimizing discomfort from 
glare when the sun is in the field of view of the 
participants. A v = 0.14% was required in case of blue-
tinted glazing to provide comfortable conditions to the 
majority (=84%) of participants, whereas a similar level 
of comfort was reached under color-neutral glazing at v 
= 0.36%. This finding might have an origin in a 
combination of psychological and physiological factors 
related to color vision of human eye. Further 
investigations are required to elucidate these results.  
The results of the study provide valuable insights for the 
building façade industry. They suggest that the 
development goals for the switchable glazing technology 
should be towards improving the color-neutrality for 
achieving user satisfaction and better glare control.  
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ABSTRACT: This paper presents the results of the first study of its kind as it investigates the memories of space 
use and thermal comfort of the previous inhabitants of eight vernacular mud brick courtyard houses of Al-
Khabra in Al-Qassim hot-arid region in the centre of KSA. This paper fills a knowledge gap about recording the 
memories of previous residents’ behavioural and cultural aspects of their space use of courtyard houses and 
their perception of thermal comfort while recording the temperatures inside and outside their abandoned 
houses. The paper presents first the architecture of eight vernacular houses and analyses their embedded 
environmental passive strategies and associated social and cultural practices. It then presents the results of 
measurements and interviews conducted during the summer of 2020. The outside air temperature varied 
between 25.5°C and 44°C, while indoor rooms’ temperatures ranged between 33 to 37°C. The indoor 
temperatures observed on the west-facing rooms were higher than the other sides of buildings up to 2.0 °C. 
Interviewees mentioned that the west side of their houses was the most thermally uncomfortable during 
summer. Information gathered from interviewees provides a better understanding of the behavioural 
adaptations strategies which include horizontal and vertical mobility inside the house.  
KEYWORDS: Hot-arid, Thermal comfort, Behavioural adaptations, Perception, Vernacular houses 
 
 

1. INTRODUCTION  
Indoor environmental quality has become an 

increasingly important aspect of building design in 
recent decades, with most people spending the 
majority of their leisure and working hours in 
indoor environments, particularly during the COVID-
19 "lockdown" situation. Demands for more energy-
efficient structures have set the parameters for 
studies of thermal comfort. Behavioural 
adaptations and thermal comfort in extreme 
temperatures is a growing research field, 
particularly in the context of climate change and the 
COVID-19 pandemic. Residents in hot arid regions in 
the Kingdom of Saudi Arabia (KSA) have lived for 
many years with extreme temperatures and have 
adapted their vernacular architecture and 
behaviour to cope with such an extreme climate.  

It has been widely acknowledged that the 
contemporary and excessive use of air conditioning 
units has led to a number of health issues such as 
respiratory problems and a lack of Vitamin D due to 
household members staying indoors most of the 
time. Previous research on thermal comfort in 
housing in KSA has been increasing in the last two 
decades [2,3,4,11], in addition to studies conducted 
in other countries of the Gulf region [7,8,9,10].  

Most of these studies are focused on 
contemporary housing using measurements and 
behavioural aspects to investigate thermal 
performance of buildings and the behavioural and 
cultural aspects of the residents. However, research 
which combines perceptual and measurements 
data collected in vernacular houses in KSA are 
inexistent. Only one research was found that 
investigates the thermal performance of vernacular 
houses in Al-Derriah settlement with a focus on 
measurements to assess the role of evaporative 
cooling in courtyards in hot arid climates in 
enhancing thermal comfort in KSA [2].  

This could be explained by the fact that most 
vernacular settlements are abandoned / or not 
occupied by their residents as is the case of the 
settlement of Al-Khabra in Al-Qassim region, Saudi 
Arabia. 

Vernacular houses’ thermal comfort has never 
been investigated from the point of view of their 
previous original inhabitants. Previous studies on 
vernacular houses involving occupants have taken 
place in KSA. However, the occupants involved in 
these studies consist mainly of low-income migrants 
who have moved to these houses because of low 
rent [5]. These houses have been changed to adapt 

 

to multi-occupancy use of residents who are not the 
original local population.  

This study is based on interviews with older 
generations who lived in the vernacular houses with 
no air conditioning and moved into air conditioned 
houses. They are the last generation who has lived 
in the vernacular houses. This generation had a 
different comfort expectation than the current 
generations. Their memories of comfort are 
therefore important to record. 

This study is the first one of its kind as it traces 
some of the original inhabitants of the courtyard 
houses of Al-Khabra, who left the settlement thirty 
years ago and investigate their memories of 
thermal comfort as occupants of the houses. A 
sample of eight previous residents from the now 
older generation of Al-Khabra settlement (who 
moved out 1991 to newly built concrete frame and 
block infill villas. These eight previous residents of 
Al-Khabra were contacted in August-September 
2020 to take part in online or face to face 
interviews about their lifestyle in their old houses. 
Interviews were conducted in the summer of 2020, 
during the most thermally stressing time. These 
interviews took place at the same time when data 
loggers for measuring indoor and outdoor 
temperatures were installed in eight vernacular 
mud brick houses that had been rehabilitated but 
not occupied.  

The proposed paper aims to fill the knowledge 
gap about investigating residents’ perception, 
behavioural, and cultural aspects of thermal 
comfort and their relationship to objective 
measurements of temperature in vernacular single-
family houses in Al-Khabra.  

The vernacular architecture of the selected 
sample of eight vernacular houses is analysed 
alongside its associated social, cultural, and spatial 
practices as revealed through the oral history of 
their previous inhabitants. In addition to this, the 
occupants were also asked about their memories of 
perception of thermal comfort inside the houses 
during the extreme summer heat, and compare 
them with the objective measurements of 
temperature inside the houses.  
 
2. METHODOLOGY AND CASE STUDIES 
2.1 Methodology and equipment  

The research employs mixed methods calibrated 
to address the research objectives, comprising both 
quantitative and qualitative methods. The four 
selected methods of data collection and analysis 
linked to the research objectives are as follows:  

1. Semi-structured interviews with the 
residents of the selected case study 
houses, using recorded telephone and 
online interviews with both male and 

female the adult residents. The subjects 
are Saudi citizens, aged between 40 and 
over 75 years old. 

2. Site visits and direct observation of the 
housing units and their environment. 

3. On-site measurements of outdoor and 
indoor temperatures and evaluation 
(quantitative). 

4. Analyses of data collected through 
interviews and from data loggers. 

The study relies on the oral memory of previous 
residents. It combines in-situ scientific 
measurements of temperature and former 
residents’ perceptions of the thermal comfort of 
the studied vernacular houses where 
measurements are taken. The themes in the study 
include investigating the thermal comfort of the 
studied vernacular houses and understanding how 
were the spaces used and organized. 

The current study used one main tool, HOBO 
Pendant 8K Data Loggers with supporting tools (e.g. 
HOBO Optic USB Base Station and software), 
applied due to their small size and ease of 
installation. HOBO pendant data loggers for 
temperature measurement are cost-efficient and 
small, making it easy to deploy them almost 
anywhere, facilitated by their high portability, and 
their long life batteries. These operate in indoor and 
outdoor environments, logging temperatures 
ranging from -20° to +70°C (-4° to 158°F). Fig.1 
shows the tool installed in some rooms at height of 
1.5 meters. It should be noted that all doors and 
windows were kept closed as much as possible 
during the data collection, to minimise air 
infiltration into the spaces. 

 

    
Figure 1: HOBO loggers installed in vernacular houses 

 
2.2 The case study houses and their context   

The eight case study houses are located in Al-
Khabra village in the west of Al-Qassim region in 
central KSA. It is located at 26.33 latitude and 43.97 
longitude, situated 606 m above sea level. Buraidah 
is the capital of Al-Qassim. This region has been 
significant due to its agriculture value to KSA. 

The houses were selected on the basis of their 
current condition and the availability of their 
previous occupants who could be found after they 
had left the site in the early 1990s. It was possible 
to connect five houses to their previous occupants, 
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for the remaining three case study houses were 
familiar to the previous occupants interviewed in 
this research. Seven of the case houses have been 
rehabilitated between 2013 and 2016 by Al-Khabra 
Municipality but not occupied, one house (B8) has 
not been rehabilitated but are still standing in 
relatively. 

 

 
Figure 2: Top view of Al-Khabra by Saleh Ahmed 

Alhuthlul 
 

Many aspects should be considered in 
determining housing typologies; but the most 
important are climate and culture. Through history, 
the availability of building materials, lifestyle, and 
climate have had major impacts on local 
architectural built forms. Vernacular buildings were 
well-adapted to climatic aspects and contexts in 
their design, planning and construction, as well as 
to the low rise high density urban scale of the 
heritage settlements. 

The basic construction materials are limestone, 
adobe and wood and the structural system used in 
Al-Khabra village is a load-bearing structure. 
Limestone was used for foundations of walls, adobe 
for walls and roofs; wood was used for structure of 
roofs, doors and window, and it is known as athel 
(tamarix tree) [1]. All materials were brought from 
surrounding areas and integrated in the 
construction of the houses and the settlement.  

Wall thickness in Al-Khabra buildings is 400 mm 
adobe sun-dried brick and 40 mm mud plaster. 
Adobe material properties were collected from 
different resources due to the available data 
limitation to model thermal properties values like 
specific heat, and thermal conductivity etc. [3, 6].  

  
Table 1: Thermal properties of the adobe construction 

Material  Thickness Thermal 
Conductivity 
(W m-1 K-1) 

Density 
(Kg/m3)  

Specifi
c Heat 

(J/kg K) 
Adobe wall  0.5 0.730 1650 1000 
Adobe roof 0.3 0.730 1650 1000 

Adobe with straw  0.025 0.180 440 900 
Palm tree fronds 0.015 0.166 600 1200 

 
The combination of narrow streets and houses 

arranged around courtyards to achieve the balance 
between environmental comfort (through increased 
shaded spaces) and privacy through inward looking 
courtyard buildings. Houses had secure access to 
the inside, controlled via long blocks of housing 
with few outside openings, whereas the large 
openings were directed to the inside courtyards of 
houses. Cool air circulation was improved via 
narrow openings as illustrated in the following 
participant's observation: 

‘’Windows in some places were at a high level of 
the external wall, whereas large openings were 
located in low level of the walls towards central 
courtyards for smoke extraction in winter and air 
circulation in summer’’ (Al-Hudaythi 2020) 

The twisting narrow streets reduce exposure of 
the buildings and urban spaces to sand storms, 
which are common in the region. The spaces 
provided amidst the houses of vitality and suitable 
for social interactions, while the street system and 
neighbourhood cul-se-sacs preserved the privacy, 
security, and physical and mental rest of local 
residents.  

The climate of the Central Region is mainly a 
desert one, with minimal, rainfall, and an intense 
hot-arid summer. This climate makes living more 
complicated and challenging for residents due to 
the harsh summer conditions. In Al-Qassim, 
summer temperatures often reach above 40°C, with 
very low humidity (Table2). 

 
Table 2: Average maximum temperature and relative 

humidity, January-December 2020 (Source: NCM 2020). 
Month T max RH max 

JAN 22°C    54% 
FEB 26°C 43%     

MAR 30°C 37% 
APR 36°C     33% 
MAY 41°C 20%     
JUN 43°C   13%     
JUL 42°C 13% 
AUG 44°C    14% 
SEP 43°C   14% 
OCT 38°C   23%      
NOV 31°C 43% 
DEC 24°C 55% 

Due to generally low yearly rainfall, vernacular 
houses in the Middle East have flat roofs, which 
traditionally served multiple functions as living 
areas, where people couple prepare food, dry 
clothes, and sleep in hot weather. A modern roof, 
conversely, would serve to radiate heat throughout 
the night. This was reflected in the following 
participant's observation:  

 

"Sleeping on the roofs of vernacular houses is like 
having a fridge under you, while sleeping on roofs of 
modern homes like having an oven under you"  

(Ali Al-Salamh 2020) 
 

2.2.1 Case studies results 
This section illustrates the analysis of all 8 

vernacular houses (Fig.6) and one example of the 8 
houses to explain in details the local vernacular 
architecture of Al-Khabra mud brick houses and 
their integration in the urban context of the 
settlement, as illustrated in (Fig.3).  

 
Figure 3: Architectural plans, site location, section for B1, 

and the purple circle means the loggers that were 
installed. 

 

 
Figure 4: Internal and external pictures for B1. 

 
Building 1 (B1) has two floors and three internal 

courtyards. It has seven rooms on the ground floor 
and four rooms on the first. The dimensions of the 
house are 26 by 15 metres. The building is 
rectangular in plan and shares its wall with 
neighbours in the east side. It has short distances to 
other buildings on the south and west sides (4 and 7 
metres respectively). The house has three 
entrances; two for family (private) on the north and 
west side, and the other for guests (semi-private) 
on the south side. The house is very close to the 
northern village entrance. It was built after 1800 
and was refurbished in 2016 by Al-Khabra 
Municipality, using the same local building 
materials. (Fig.3) shows the floor plans, section, and 
site location of the house. (Fig.4) illustrates the 
internal courtyard, external façade, and northern 
village entrance. North-south (NS) and South-west 
(SW) facing rooms on the ground floor were 
selected to measure the air temperature, with room 
floor area of 14.50 m2 and 27.25 m2 for NS and SW 
rooms, respectively. The graph (Fig.5) shows the 

measurement of air temperature for NS and SW 
facing rooms. The collected data in the NS facing 
room presented that the average indoor 
temperature ranged between 33.3 to 34.7°C, while 
the SW room illustrated higher indoor air 
temperature ranging from 35 to 36.5°C. 

 

 
Figure 5: Air temperature in B1 during a 24-hour 

 

 
Figure 6: Plans, and sections of all houses 
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Figure 7: The location of the houses that have been 

rehabilitated, except B8 in yellow colour 
 
3. RESULTS AND DISCUSSION  

The collected data indicates that outside air 
temperature has a diurnal temperature range (DTR) 
of 18.5°C, with a minimum of 25.5°C during the 
night and a maximum of 44°C during the day.  

On the other hand, indoor rooms’ average 
temperatures varied between 33 to 36°C exhibited 
almost no noticeable DTR change, except in one 
single space: south-west (SW) room in B8 which has 
not been rehabilitated. The following Table 3 
summarises all chosen rooms.  

 
Table 3: Summarizing all chosen rooms in the hot season 

over a 24-hour (SD means standard deviation). 
 Room 

location 
Mean SD Min Max Room 

area m2 
B1 GF NS 34.2 0.42 33.3 34.7 14.78 
B1 GF SW 35.6 0.27 35.0 36.5 27.01 
B2 GF NSE 36.3 0.37 35.8 36.9 20.88 
B2 GF SN 36.0 0.57 35.0 36.7 21.76 
B3 GF SW 36.7 0.42 36.0 37.2 15.51 
B3 FF NSE 36.4 0.59 35.5 37.1 18.88 
B4 GF NE 35.1 0.45 34.4  35.8 39.84 
B4 GF S 36.0 0.21 35.5 36.2 20.68 
B5 GF NSE  35.0 0.36 34.2 35.5 18.86 
B5 FF NSE  35.3 0.19 35.1 35.7 31.62 
B6 GF NE 35.3 0.60 34.4 36.2 19.08 
B6 GF SEW 36.0 0.12 35.8 36.3 13.30 
B7 GF NSE 35.4 0.57 34.4 36.0 25.84 
B7 GF SE 35.6 0.27 35.0 36.1 21.84 
B8 GF NE 36.2 0.48 35.1 36.9 35.36 
B8 GF SW 36.6 1.70 33.7 38.6 18.36 

 
The other studied rooms exhibited the effect of 

the high exposed thermal mass of mud building 
materials and delayed heat absorption and release 
compared to concrete materials, in addition to the 
heat island effect. The reason there was no obvious 
diurnal change in the indoor spaces was the 
absence natural ventilation. Closed doors and 
windows prevent air circulation inside rooms, and 
consequently low infiltration allows warm air to 
stay inside, which contributed to keep 
temperatures high, but reasonably steady.  

The majority of interviewees mentioned that the 
west side of their houses was the most thermally 
uncomfortable during summer (See West facing 
rooms in B1, B3, B6, and B8). They tend to avoid 
using the rooms with external walls exposed to the 
west.  Most respondents also explained their 
preference for using the North side of the house 
because it is cooler and tends to catch cool breezes, 
while in winter they prefer the eastern side in the 
morning to get the warm sunshine of Al-Qassim 
short winter.  

An interesting spatial practice revealed by the 
interviewees is the tendency of men to gather 
outside the houses in the morning and sit on 
benches along the east facing walls to enjoy the 
heat coming from the sun and catch up on the 
latest of the neighbourhood.   These types of sitting 
areas in public spaces for men are referred as ‘‘Al-
Mishraq’’ which means the morning rising sun. It is 
also designed to make the most of the sun rise 
during winter after the dawn prayer. Al-Mishraq is 
therefore an important adaptive environmental 
strategy allowing the residents to enjoy a public 
space that thermally comfortable in winter because 
of its orientation.   Furthermore, Al-Mishraq was 
used next to the souq, the open market, as 
described by one of the respondents: 
‘‘people used to sit outside in a place called the 
‘’warm Mishraq’’ ... Al-Mishraq time is a place 
where the sunshine shines, until it rises 
(perpendicular) at noon’’ (Abdullah Al-Tasan 2020) 

The interviewees recalled that people slept 
upstairs in summer and inside in winter. This relates 
to the thermal mass of construction materials. Mud 
bricks radiate heat from the exterior to interior 
spaces relatively slowly, due to their thickness (40-
60 cm) and thermal properties. When the sun is 
hitting the exterior surfaces, it takes until late 
afternoon for the heat to transfer to the internal 
face of the wall and begin heating the internal 
space. Consequently, internal spaces are relatively 
cooler during the day, and warmer at night, thus 
people traditionally escaped hotter internal 
temperatures at night by sleeping on the vernacular 
houses’ roof, benefitting from the time lag thermal 
mass impact of vernacular construction. This was 
reflected in the following participant's observation: 

‘’In the summer, we sleep in an open place, such 
as courtyards or roofs ... we do not sleep in rooms at 
all and its advantage if dawn comes people are 
awake and we hear the call of prayer, but now the 
air conditioning is over your head and your feet are 
numb and there is no one who will wake you up 
except for the alarm and you wake up lazy this is the 
differences’’.  (Abdullah Al-Oremah 2020) 
Information gathered from interviewees provides a 
better understanding of the adaptive strategies that 

 

the residents of the vernacular houses of Al-Khabra 
have adopted to mitigate the extreme 
temperatures of the summer. These are 
behavioural adaptations   which include horizontal 
and vertical mobility inside the house, bearing in 
mind that all the spaces are multifunctional with 
the exception of the Majlis and the kitchen. 

 
4. CONCLUSION 

Identifying structures suitable for use in testing 
representative vernacular housing was very 
difficult, due to the dearth of inhabited houses and 
sites in a state of good repair particularly in terms of 
the presence of doors and windows in their 
fittings.   
The chosen case study buildings were under the 
supervision of Al-Khabra Municipality, which 
preserved them by applying the same building 
materials and methods of vernacular construction, 
which made them appropriate examples of a 
vernacular building to understand thermal 
performance and to conduct thermal tests.   

The paper presents first the architecture of eight 
vernacular houses and analyses their embedded 
environmental passive strategies and associated 
social and cultural practices. It then presents the 
results of measurements and interviews conducted 
during the summer of 2020, when temperatures are 
at their extreme. The collected data indicates that 
outside air temperature has a diurnal temperature 
range (DTR) of 18.5°C, with a minimum of 25.5°C 
during the night and a maximum of 44°C during the 
day while the indoor rooms’ average temperatures 
varied between 33 to 36°C exhibited almost no 
noticeable DTR change, except in one single space. 

The indoor temperature of west facing rooms 
were relatively high, therefore people generally try 
to avoid this side to the building as stated by the 
majority of participants. In summer people 
preferred the north side because the north breeze 
in cooler, while they preferred eastern sides to get 
sunlight in Al-Qassim short winter. In B1, for 
instance, the difference between the recorded 
indoor temperature of north-south (NS) and south-
west (SW) rooms is about 2°C, with a maximum 
temperature of 34.7°C and 36.5°C for NS and SW 
rooms, respectively. 

The recorded indoor temperature of all eight 
vernacular dwellings in selected rooms ranged from 
a low of 33.3°C to a high of 38.6°C (reported in a 
single case), with a mean of about 35.4°C. There 
was a high fluctuation in one room (SW room in B8), 
with standard deviation of 1.70. This is likely 
anomalies due to B8 has not been rehabilitated or 
doors and windows were not being tightly closed, 
and there were cracks in the walls, in addition of 
being on the western side. 

The fieldwork measurements in summer 2020 
provided a deeper understanding of the various 
temperatures in the vernacular case study houses. 
The results of the fieldwork provide the foundation 
to understand how vernacular houses performed 
and how the residents of the vernacular houses of 
Al-Khabra have adopted to mitigate the extreme 
temperatures of the summer. These are 
behavioural adaptations which include horizontal 
and vertical mobility inside the house. 
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ABSTRACT: There is no consensus on the definition of well-being in the built environment, but rather a wide 
range of approaches that deal with physical, psychological and social dimensions. There is a need for a holistic 
approach in order to understand what makes a building healthier and positive for occupants’ well-being, which is 
particularly important in offices, where people spend an important part of their lives.  This paper addresses the 
research question: which characteristics of the office spaces contribute - both positively and negatively - to 
occupants’ well-being and why? The methodology consisted of a qualitative approach based on interviews to 44 
occupants of 9 office buildings located in different cities in Chile.  The interview questionnaire contains open-
ended questions that addressed the topic at different scales: workspace, building, and location/surroundings.  
The data analysis was performed with the software NVivo. The findings suggest that at the scale of the 
workspace, occupants relates wellbeing to building qualities that provide comfort and somehow enhance their 
productivity, while at the scale of the building and surroundings, they relate well-being with places for social 
interaction and features that provide psychological well-being, such as daylighting, views out and the presence 
of green areas (biophilia).   
KEYWORDS: Well-being, comfort, offices, occupants 
 

1. INTRODUCTION 
There is no consensus on the definition of well-

being in the built environment, but rather a wide 
range of approaches that deal with physical, 
psychological and social dimensions [1-5]. The 
terms ‘comfort’, ‘health’ and ‘well-being’ are often 
used interchangeably without a clear definition of 
each term [1].  Altomonte et at [2] explain that 
comfort has been mostly confined to acceptance of 
environmental conditions, while health has been 
confined to the prevention and limitation of 
negative stressors. In contrast, well-being relates 
also with positive stimuli that encourages the 
design of environments that enhance occupants’ 
experience [1, 2].   

Atkinson et al [3] state that the concept of well-
being, however defined, can have no form or 
expression without consideration of place.  Whilst 
some quantitative approach treat place as a static 
container, others have reflected on more complex 
relations between people and their built 
environment.   

It is however difficult to translate complex 
paradigms into design strategies and standards, 
forcing to move from holistic concepts into more 
reductionists definitions [2].  Some of the advances 
in addressing well-being in buildings have been 
made in the field of sustainability.  Green building 

ratings systems - such as LEED - include criteria for 
occupants’ health and well-being that focus mainly 
on indoor environmental quality.  New building 
rating systems - such as WELL and Fitwel - have 
been developed to guide the design for health and 
well-being, covering different aspects in a 
comprehensive way, with a focus on indoor air 
quality and health.   

A scoping review performed by Hanc et al [4] 
found out that well-being outcomes are ambiguous 
and the contribution of well-being dimensions to 
building occupants is not clear.  There is a need for 
a holistic approach in order to understand what 
makes a building healthier and positive for 
occupants’ well-being and not only what limits their 
discomfort [6].  This is particularly important in 
office buildings, where people spend an important 
part of their lives. 

Therefore, this paper addresses the research 
question: which characteristics of the office spaces 
contribute- both positively and negatively - to 
occupants’ well-being and why? It aims to 
contribute to a better understanding of the concept 
of well-being in the built environment from a 
holistic perspective and a bottom-up approach.   

 

 

2. METHODS 
The methodology was based on a qualitative 

bottom-up approach and it consisted of semi-
structured interviews to 44 occupants of 9 case 
studies located in different cities in Chile (Fig 1).   
 
2.1 Case studies  

The criteria for selecting the case studies relied 
on evidence of being best available practice at local 
level.  Currently, best practice in office building 
design in Chile is guided by green building rating 
systems LEED and CES (the national certification 
system Certificación de Edificio Sustentable), as 
both systems comprise credits for indoor 
environmental quality. All case studies are certified 
by either LEED, CES, or both, and have been built 
and occupied during the last years.   
 
 

Figure 1: Photographs of the case study office buildings 
 
2.2 Research interviews 

Within each building, the researchers 
interviewed 3 to 6 occupants, including 1 person 
responsible for the operation and management of 
the building, with a total of 44 research interviews 
that comprise the data for this paper. The interview 
questionnaire was developed according to the 
research question.   

This paper presents the findings of 4 open-
ended interview questions that aim to identify 
specific aspects of the building that impact 
positively and negatively on the occupants’ well-
being at different scales: work space, building, and 
building location/surroundings (Table 1).  The 
questionnaire included a preliminary question 
aimed at gathering spontaneous responses on the 
favourite space in the building before raising the 
topic of well-being, with the idea of identifying 
qualities of the building that the occupants value.  

Table 1: Topics of the interview questions 
1. Favourite space in the building 
2. Characteristics of the workspace that have a positive 
and negative effect on your well-being. 
3. Characteristics of the office building that have a 
positive and negative effect on your well-being. 
4. Characteristics of the building surroundings and 
location that have a positive and negative effect on 
your well-being. 

 
It is important to note that the interviews took 

place during the COVID 19 pandemic in 2021, so 
some of the participants were working from home.  
Therefore, the questionnaire was administered 
either face-to-face or via remote communication 
platform (zoom), and it addressed the occupants’ 
experience in their office building before the 
pandemic.  

The data was analysed with the software 
program NVivo 12, specialised for the analysis of 
qualitative research.  The program allows to 
organise qualitative data in main themes and sub-
themes derived from the responses of the 
occupants.  Wordclouds and code matrixes were 
developed in order to assist the analysis and 
interpretation of the results.  As the data of this 
paper is mostly qualitative, the analysis was made 
in a narrative manner. 
 
 
3. FINDINGS 

The findings are organised according to the 
different scales that were addressed by the 
interview questions. 
 
 
3.1 Favourite space 

The main purpose of the first question was to 
identify the spaces that were valued by the 
occupants as their favourite space and the reasons 
behind their choices.  The wordcloud in Fig 2 shows 
the terms that were mentioned most frequently by 
the 44 interviewees, which cover actual spaces 
(which is your favourite space?) as well as qualities  
(why?). 

The interviewees identified three type of 
fspaces: coffee corners and canteens (10 
references); outdoor spaces such as terraces and 
courtyards (8 references); and their own workspace 
(9 references).  The first two type of spaces were 
generally connected, e.g. the canteen or cafe 
(“casino” and “cafeteria” in Fig 2) is connected to 
the terrace (“terraza” in Fig 2), and were valued 
mainly for the opportunity to meet their colleagues 
in a relaxed manner, but also for architectural 
qualities that enable them to connect with nature in 
terms of views and daylight (“vista” and “luz” in Fig 
2).   
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Figure 2: Wordcloud of favourite space in the building 

(interviews) 
 
The workspace was valued for being 

comfortable and quiet, but mostly for being the 
space ‘of their own’.   

Therefore, the findings suggest that some 
occupants prefer spaces for social interaction while 
other prefer private spaces, but in all cases the 
architectural attributes that were raised relate to 
connection with nature: light, air, sunshine, views, 
greenery, breeze, etc. 

 
3.2 Scale of the workspace 

At the scale of the workspace, occupants relate 
well-being with comfort; mainly lighting and visual 
comfort (17 references), ergonomics (15 
references) and thermal comfort (12 references).    

Daylighting, artificial lighting and views out were 
mentioned several times as a positive attribute of 
their workspaces (“iluminación” and “luz” in Fig 3).  
The HVAC system and its ability to maintain a 
constant indoor temperature was considered 
positive for their well-being, while problems with 
the HVAC system becomes the main source of 
complaint due to discomfort and its effect on 
health, such as colds.  

 
 

 
Figure 3: Wordcloud of well-being at the scale of the 

workspace (interviews) 
 

In addition, they valued the quality and size of 
the office furniture, particularly the ergonomic chair 
(“silla” in Fig 3) and size of the desk and space 
between different workstations.  This was an 
important aspect, as some interviewees considered 
that having small desks too close to each other has 
a negative impact on their well-being and their 
ability to perform their jobs properly. 

On the other hand, noise and distractions in 
open plan spaces were raised as negative aspects 
for their well-being due to their impact on 
concentration.  However, open plan spaces were 
valued for allowing interaction between co-
workers, simplifying team communication.  This 
suggests that both positive and negative qualities of 
open plan spaces were raised spontaneously by the 
occupants in terms of the impact on their jobs. 

The lack of environmental control was also 
mentioned as a negative feature by some occupants 
who believe that the opportunity to open a window 
or to adjust the thermostat would benefit their 
well-being.    

Although the interviewees did not explicitly 
mention the term “productivity”, the idea of being 
comfortable to do their jobs remain behind both 
the positive aspects (team communication) and the 
negative aspects (noise and distractions) of their 
workspaces. 

 
 

 
Figure 4: Photograph of the workspace of a case study 

 
 

3.3 Scale of the office building 
At the scale of the office building, the occupants 

mentioned a wider variety of aspects that impact 
their well-being in comparison to the scale of the 
workspace.   

They expect their office building to provide a 
comfortable environment in terms of daylighting 
and temperature, but they also value to be able to 
‘do everything within the building’.  They value 
having spaces within the building for meal breaks 
and social interaction such as coffee corners and 

 

canteens (“casino” in Fig 5); for sports such as gyms 
and bicycle parking (“gimnasio” in Fig 5); and even 
practical features such as cash machines.  In 
addition, they mentioned the positive impact of 
green areas within the building such as terraces and 
courtyards where they can ‘de-stress’.   

A very important quality for occupants’ well-
being at building scale is everything that allow them 
to move easily and safely within the building 
(“seguridad” in fig 5) which includes efficient lifts 
and car parks (“ascensores” and 
“estacionamientos” in fig 5).   
 
 

 
Figure 5: Wordcloud of well-being at the scale of the 

office building (interviews) 
 
The image of the building was also valued in 

terms of being modern and attractive (“bello” in Fig 
4), especially in those cases were they have moved 
from older office buildings, which is the common 
case. 

LEED certification came up in the interviews as a 
positive quality of the building in relation to 
domotics and sustainability.  The idea of working in 
an intelligent building that uses renewable energy 
was valued by the interviewees. 

 
 

 
Figure 6: Photograph of a common space within the 

building - case study 
 

3.4 Scale of the building location and its 
surroundings 

At this scale occupants relate well-being mostly 
to accessibility and facilities.  Location is very 
important in terms of reducing travel distance and 
time to work (“ubicación” in Fig 8).  Being close to 
public transport such as the metro benefits their 
overall well-being.  They also value a building 
location that provides different facilities in the 
surrounding area, such as restaurants and shops.    

 
 

 
Figure 7: Photograph of a building surrounding – case 

study 
 
In addition, having green areas such as parks in 

the surroundings was also mentioned (“parque”, 
“plaza” and “verde” in Fig 8).  Some interviewees 
mentioned the opportunity to  train in the park at 
lunch as a very positive aspect.  

Safety was also mentioned at this scale, as some 
interviewees – particularly female – do not feel safe 
in the building surroundings due to bad lighting and 
long distance to the public transport. 

 
 

 
Figure 7: Wordcloud of well-being at the scale of the 

building surroundings and location (interviews) 
 
 
 
 
3.5 References from the interviewees 
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Figure 9 shows the number of references that 
were given by the interviewees at each building 
scale; either positive or negative. The majority of 
references were given at the scale of the office 
building (total of 250 references), which were also 
very varied and generally positive (163 references).   
The scale of the workspace had 166 references, 
while the scale of the building location and 
surroundings had 182 references.   

 

 
Figure 9: number of references given by the 

interviewees at different scales 
 
 
At all different scales occupants mentioned 

mostly positive aspects, which could relate to the 
fact that the case studies are ‘best practice’ 
(LEED/CES certified buildings), but also to the 
positive connotation that the term well-being 
(“bienestar” in Spanish) could have on the 
interviewees.   

 
 
4. DISCUSION 

The findings suggest that at the scale of the 
workspace, occupants relates well-being to building 
qualities that provide comfort and allow them to do 
their jobs properly (Fig 10).  At this scale, physical 
well-being (ergonomics and environmental comfort) 
seems to be more important than psychological or 
social well-being that were mentioned at the scale 
of the whole building.   

However, there are no references to health 
(only colds and flu due to poor thermal 
environment), so physical well-being relates mostly 
to the idea of being comfortable right-now, without 
much consideration to long term consequences of 
bad ergonomics or poor environmental conditions 
on health.   

Some references at the scale of the workplace 
also relates to psychological aspects of well-being, 
such as noise annoyance and disturbance; and the 
effect of daylight for the mood and de-stress.  

Interestingly, none of the interviewees 
mentioned air quality at all, which suggests that 
they are less sensitive to that stimulus than to 

noise, light and temperature.  This fact contrasts 
the priority that air quality criteria have in 
certification schemes.  Occupants do not 
consciously relate air quality with well-being and its 
potential effect on health. 

At the scale of the office building, occupants 
relate their well-being to a wide variety of aspects 
that respond to physical, psychological and social 
dimensions of the concept.  At this scale, they 
expect the building to provide all sorts of facilities 
that will enhance their well-being and thrive their 
lives. The office building is somehow considered as 
a safe space where they can not only work but also 
fulfil their needs for social interaction, physical 
activities, nourishment, de-stress and connection 
with nature (biofilia).  It is interesting to note that at 
this scale the building embraces well-being in a 
holistic way, in line with the needs of human life. 

At the scale of the building surroundings and 
location, well-being narrows down to practical 
issues of transport and safety.   

 
 

 
Figure 10: dimensions of well-being at three scales: 

workspace, office building and location/surroundings 
 

 
The diagram in Figure 10 shows the main 

concepts derived from the data.  At the centre, it 
contains the three scales of inquiry: workspace, 
building and building surroundings.  The main 
themes that arose from the data are organised 
around those three scales, where some of them 
relate to more than one scale, e.g. concepts of 
biofilia came up at the scale of the workspace 
(lighting and views) as well as at the scale of the 
office building (greenery, terraces, sunlight).  
Themes that relate to physical well-being are 

 

highlighted in green; themes that relate to 
psychological well-being are highlighted in brown 
and themes that relates to social well-being are 
highlighted in blue.  Evidently, some of the themes 
relate to more than one dimension of well-being, 
e.g. he concept of safety within the building and 
also within the building surrounding deals with 
physical aspects (being safe) as well as psychological 
aspects (feeling safe).  

Interestingly, participants did not mention 
aspects related to physical health when asked about 
well-being, such as allergies, headaches of muscular 
affections that could be a consequence of the 
quality of the workspace.  The reason for this could 
be that they are less conscious of long term effects 
of the indoor environment and much more 
conscious of present conditions in terms of comfort 
and satisfaction.   

 
 

5. CONCLUSION 
The novelty of this paper relies on the 

qualitative approach to well-being in office spaces 
from the perspective of the occupants.  The 
research interview based on open-ended questions 
that addressed well-being at different scales within 
the office building allowed to identify the main well-
being criteria.   

Conclusions stress out that at the scale of the 
workspace, occupants prioritise aspects of comfort 
that allow them to do their jobs properly, focusing 
on physical dimensions of well-being.  However, at 
the scale of the office building, occupants expect 
their workplace to enhance their well-being at 
physical, psychological and social dimensions.  The 
building is expected to become a safe place where 
they can not only work but also fulfil most of their 
needs for social interaction, physical activities, 
nourishment and de-stress. 

Although the interview questions addressed 
both negative and positive aspects, it is interesting 
to note that occupants mentioned far more 
qualities that enhance their well-being, in contrast 
to the majority of research studies that focus on 
ways to reduce discomfort and prevent health in 
office buildings [7]. 
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How much does your building weigh?  
An exploration into different early design stage LCA workflows 
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ABSTRACT: This paper explores different approaches to implement life-cycle assessment (LCA) in the early stages 
of design. LCA is important to include in the early design stages as it informs the designer of parts of the building 
that have high embodied carbon. Addressing embodied carbon early in the design has high value as changes to a 
building’s structure or form are easiest made during the first few weeks of a building’s design process. Therefore, 
getting access to LCA results easily is critical, however, estimating the building quantities in such an early stage is 
difficult. To explore the application of different early design workflows, this paper focuses on three pathways that 
are available using tools produced by One Click LCA. Results from each workflow are compared against a LCA 
undertaken of the same case study building at a detailed design stage. Strengths and weaknesses of each workflow 
are analysed and the paper contributes recommendations for designers looking to analyse embodied carbon 
during early design.   
KEYWORDS: Life-cycle assessment, early design workflow, embodied carbon, commercial office building 

1. INTRODUCTION 
The success of improved energy efficiency in 

buildings has shifted the focus of carbon 
management away from operational carbon to 
embodied carbon. As a result, LCA tools are being 
increasingly adopted [1]. However, a common 
barrier to their application is the requirement for a 
lot of detailed inputs [2], which are only available 
once most of the design decisions have been made. 
As with setting up an energy efficient design, 
calculating embodied carbon from the early stages of 
a project is the lowest cost option to obtain the 
highest performance [3], [4]. This paper explores the 
potential of applying different workflows for 
implementing LCA in early design to the estimate of 
embodied carbon for an office building in New 
Zealand. The purpose is to develop a workflow that 
can benefit designers in the early design stages of a 
project by providing a simple means to test many 
different strategies.  

 
1.1 Challenges with estimating embodied carbon in early 
design 

The measurement and management of 
embodied carbon throughout the design process has 
been widely discussed [1], [5], [6]. To mitigate 
embodied carbon in buildings, a designer needs to 
consider the carbon intensity of building materials, 
the efficiency of their application and the efficiency 
of the whole building form [7], [8]. Unlike the design 
of products, almost every building is unique due to 
differences in site conditions and brief requirements. 
This means that the set of embodied carbon 

mitigation strategies must also be unique to the 
design of a building.  

To explore the benefit of different embodied 
carbon mitigation strategies during early design, 
several tools have entered the market to assist 
designers in early design decisions. A limitation of 
many of these tools is the reference buildings used 
to build the assumptions of how much carbon each 
building element will consume (foundation, façade 
etc). Whilst reference buildings might be appropriate 
for countries with similar conditions to the original 
reference building, in other countries with different 
building requirements there is a risk of under or 
over-estimation. Mistaken estimation of embodied 
carbon can go undetected due to the disconnect 
between the simplified inputs required by the tools 
and the building forms being explored during 
concept design. To resolve the disconnect, this paper 
explored multiple methods to generate quantities 
from typical input tables to parametric workflows. 
1.2 Potential of parametric approach to generating 
quantities in early design 

Put simply, a parametric design workflow is a way 
of linking decision variables with geometry [9]. 
Parametric modelling has been made accessible to 
design practice through visual programming 
software like Grasshopper and Dynamo. The 
combination of these scripting languages with 3D 
software like Rhino or Revit provides a platform that 
bridges mathematical logic to qualitative 
assessments of building form.  A benefit of engaging 
with a parametric platform to generate material 
quantities for an LCA, is the simplification of the 

 

process [10], and the connection with a 3D model 
that resembles design qualities being explored 
through building form. The connection to a 3D form 
also has the potential to improve the user’s ability to 
check for implausible quantities that are being input 
into the LCA.  

 
2. METHOD 

To calculate embodied carbon using LCA, tools 
and plugins produced by One Click LCA were used as 
they all connect to a consistent material database 
[11]. A commercial office building in New Zealand, 
with a detail design stage Revit model, was used as a 
case study to form a base line. Results from each 
early design LCA were compared to the LCA from the 
detailed design stage (fig 1). 

 

 
Figure 1: Overview of method 
 

2.1 Detail Design Stage LCA Workflow 
The base line LCA was completed using detailed 

material quantities from a Revit model that were 
input into a full LCA tool produced by One Click LCA 
[12]. Figure 2 outlines how the quantities from Revit 
were extracted by splitting all element type build-
ups into individual materials and combined to create 
total quantities that were then mapped with 
materials from One Click LCA’s data base.  

 
2.2 Early Design Stage Workflow using Carbon Designer to 
generate quantities 

To assess how the accuracy of embodied carbon 
estimations from One Click LCA’s marketed fastest 
early design tool, Carbon Designer [13], the inputs 
were matched as close as possible to the case study 
building and the two LCA results were compared. 
Figure 2 illustrates the process of how quantities are 
automatically estimated and materials automatically 
assigned to quickly generate results outlining the 
embodied carbon results per building element. 
Figure 3 provides a more detailed example of a 
typical table to input a building’s geometry and 
classifications on the left column and the 
automatically calculate quantities for review the 
following two right columns. 

 

 
Figure 2: Carbon Designer workflow 

 
Figure 3: Example of typical table in Carbon 

Designer tool by One Click LCA 
 

2.2 Early Design Stage Workflow using Parametric Tools 
to generate quantities 

To explore the use of a parametric modelling 
method, simplified building elements were 
generated in grasshopper and baked into separate 
layers in rhino. The One Click LCA rhino plug-in was 
used to calculate results [14]. Figure 4 shows an 
overview of the proposed parametric workflow. 
Figure 5 illustrates an example of how quantities are 
generated using Grasshopper and Rhino.  

 

 
Figure 4: Parametric workflow using 

Grasshopper, Rhino and One Click LCA 

 
Figure 5: Example of Rhino model with geometry 

generated in Grasshopper 
2.2 Method to merge workflows.  
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The parametric workflow is limited by not 
necessarily generating quantities for smaller or more 
detailed elements like finishes, doors, and stairs etc. 
To explore a workflow that has the same building 
calculation scope as the detailed model the material 
quantities from the 3D Rhino model were merged 
with data from Carbon Designer. The purpose was to 
evaluate the accuracy of the estimation when 
modelled and non-modelled elements are combined 
into one set of quantities. Figure 6 illustrates the 
method to merge workflows. 

 

 
Figure 6: Combined workflows 
 

3. RESULTS 
This section covers the results from early design 

LCA workflows to estimate the embodied carbon in 
an office building from New Zealand. The results are 
displayed in totals, life-cycle stages, building 
elements and resource types to walk through the 
interpretation of the results from a high level down 
to the detail.  

 
3.1 Overview of LCA Results  

Comparing the full set of LCA results in Figure 7, 
it appears the parametric model has made a better 
estimate of the true building’s geometry. The LCA 
result from the merged workflow increased, as 
expected, but is still within an acceptable range 
compared to the detailed LCA. The difference 
between the two carbon designer estimates is a 
change in envelope ratio. The automatically 
generated quantities for windows is 20% of the 
building’s envelope. However, the case study office 
building was in a business park and did not connect 
to any other buildings, allowing all four sides to have 
windows. The true ratio was closer to 80% and this 
was updated in the second estimate using the tool. 
Doing so caused the results to increase slightly. 

It is expected in the early design stages, especially 
when the building geometry has been simplified or 
the full building calculation scope of elements hasn’t 
been completed, that there will be variation in 
expected results at the detailed design stage. The 
advice from One Click LCA is to assume a ±30% 
tolerance during the early design stage. Figure 7 
shows the tolerance applied to each set of results. 
Additionally, the same tolerance has been applied to 
the detailed LCA results and projected across all 
results using a line to illustrate an acceptable range. 

 
Figure 7: Overview of LCA results (kgCO2/m2)* 

*All results exclude benefits from module D and 
biogenic carbon.  
 

Figure 7 illustrates a proportion issue with the 
assumption of a percentage based tolerance. Both 
LCA’s estimates produced in Carbon Designer 
underestimated the embodied carbon of the office 
building by more than 50%. Consequently, the 
tolerance band is significantly smaller and appears to 
make the results seem more accurate. A potentially 
more appropriate approach would be to apply a 
fixed tolerance band at this stage, for example ± 
150kgCO2/m2.  

  
3.2 LCA results per life-cycle stage  

At a glance, Figure 8 shows all LCA results follow 
the same pattern, however the results from Carbon 
Designer have consistency underestimated the 
amount of embodied carbon in each life-cycle stage 
compared to the detailed LCA. When inputting the 
building form into the table within Carbon Designer 
the quantities generated appeared reasonable. The 
underestimated results are an early indication that 
the materials automatically matched to the 
quantities are not representative of those found in 
New Zealand.  

 
Figure 8: LCA results per life cycle stage (tCO2) 

 

The LCA results from the parametric workflow 
show the opposite problem to those calculated from 
Carbon Designer. These results show a significant 
overestimation of results in the Produce and Beyond 
the Life-Cycle Stages. As the materials needed to be 
manually mapped to the quantities, New Zealand 
appropriate materials were applied within One Click 
LCA’s Rhino Plugin. Therefore, the high product stage 
and the benefits beyond the life cycle is an early 
indication that the generated quantities for metals 
are too high.  

 
3.3 LCA results breakdown per building element  

Breaking down the results into more detail, the 
cause of the underestimation by the Carbon 
Designer workflow and the overestimation of the 
parametric workflow become more transparent.  

Results across almost all building elements (fig 
10) the two estimates using Carbon Designer 
underestimated the result. In the foundations, the 
tool was given inputs to allow for the highest level of 
seismic strength, deep piles up to 15m in soft soil, 
grid span and building height. As all these inputs are 
reasonable for the case study building, the results 
reinforce that the default materials the tool is 
applying to these elements are not like those 
available in New Zealand.  

 
Figure 9: Breakdown of LCA results per building 

element (tCO2) 
 
Further, the change from 20% glazing to 80% 

between Carbon Designer estimate 1 and 2 and only 
marginally increased the impact of the envelope. The 

addition 60% of envelope being changed to glass, 
indicates that the carbon intensity for the solid verse 
transparent envelope elements have materials with 
similar carbon intensities. The ceiling is another area 
where the underestimate is significant enough to 
barely register on the results panel.  

In contrast the foundation elements generated 
parametrically calculated a reasonable estimate. The 
parameters to generate the quantities were similar 
to those input to Carbon Designer, which suggests 
that a closer match in materials is the reason for the 
close comparison. However, whilst the foundations 
produced a close result, the comparative pattern 
between the detailed LCA and the parametric 
estimate was not consistent across all building 
elements. Notably the vertical and horizontal 
structures produced results that were under and 
over-estimated respectively. The vertical structure 
includes the steel columns and the horizontal 
structure includes the steel beams and concrete 
floor slabs. Whilst the geometry for a concrete slab 
is straight forward and difference in section are 
unlikely to create a big difference, the same is not 
true for steel structural elements. Steel has a high 
carbon intensity, making the estimated quantity of 
steel important to get within a reasonable range. The 
difference in profile area between a solid rectangle 
or circle compared to the I beam shape is significant 
and would undoubtedly inflate the quantities.  

For both the vertical structure and horizontal 
structure were generated with the same script but 
different dimensions. This script was created to 
generate the profile of an I-beam that is typical in 
New Zealand buildings. In the vertical elements, the 
volumes of steel were underestimated compared to 
the detailed LCA. In the horizontal elements, the 
volumes of steel were overestimated compared to 
the detailed LCA. This suggests that there can be an 
element of human error when generating quantities 
through this method. The user modelling the 
building had a background in architectural design but 
was not an engineer. Risk of incorrectly sizing the 
steel element could happen in two ways: 1) overall 
dimensions of the beams or columns, 2) thickness of 
steel web and flange.  

An identified limitation of the parametric 
workflow was a limited building element calculation 
scope. In Figure 10 the elements that were excluded 
from the calculation were the Stairs + Railings, Floor 
Finishes, and Ceilings. In the detailed LCA all these 
elements contributed a relatively low amount and 
the exclusion of them didn’t warp the results too 
heavily. The workflow that merged quantities from 
Carbon Designer and the parametric model, did 
supplement results in the missing elements. 
However, like in other areas, the materials selected 
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should be evaluated to make sure they are a good 
representation of what is available in New Zealand.  

 
3.4 LCA results breakdown per resource type 

Across all LCA’s metals were the highest 
contributing material, which makes sense for an 
office building with a primary steel structure (fig 11). 
Taking a focused examination of the materials 
automatically assigned in Carbon Designer is was 
found that the tool assumes a 60% recycled content 
for structural steel. However, in New Zealand this 
value is on average between 10-15%.  

 

 
Figure 10: Breakdown of material resource types 

 
It is known that the same material was used in the 
detailed LCA and the model with parametrically 
generated quantities. Figure 10 identified the 
horizontal and vertical structures were showing 
inaccurate results compared to the detailed LCA. 
With figure 11 it can be determined that the steel I-
beams were miss calculated due to the high quantity 
of metals present in the results of figure 11. From 
figure 10 the element contributing more than usual 
was the horizontal structure. In the model the 
horizontal structure is made up of a reinforced 
concrete slab and steel beams. As it is the metals that 
are contributing more than expected it is reasonable 
to determine that the steel I-beams have been sized 
incorrectly.  
 
3.5 A comparison of quantities generated for steel 

It has been consistently observed and reinforced 
that the steel quantities have not been reasonably 
generated in any of the early design LCA workflows. 
Figure 12 shows that the quantities for Beams was 
the most incorrectly generated in both the tool 
(Carbon Designer) and human (Parametric 
parameter).

 
Figure 11: Comparison of steel quantities 

generated in each workflow 
 
4. CONCLUSION 

To ensure projects have the best chance of 
staying within critical carbon budgets, it is important 
that embodied carbon emissions are evaluated from 
the beginning of the project. As a contribution 
towards this necessity, this paper explored a range 
of LCA workflows for early design using currently 
available tools produced by One Click LCA.  

It is inevitable in the early stages of design, where 
less information is known, to accept a reasonable 
performance range over a precise outcome of 
embodied carbon. In the LCA comparison between 
the detailed and concept design completed of the 
case study building, the acceptable range was 
expected to be ±30%. However, the results from the 
concept design LCA was under half the size of the 
detailed calculation (fig 7). This level of 
underestimation of embodied carbon drew 
attention to built-in assumptions within the tool that 
inadequately represented a New Zealand office 
building. These assumptions included ratio of glass 
façade to solid external walls and additional 
structure due to seismic load requirements and 
being built on reclaimed land.  

To visually connect the generated quantities for 
different building elements and the overall building 
form, a parametric building script was created in 
grasshopper to generate the approximate geometry 
of the building. The script was built as a proof of 
concept to demonstrate the potential of the 
workflow being used during concept design. The 
results from the parametrically generated geometry 
came within the 30% tolerance of the detailed LCA. 
However, through a more rigorous analysis of the 
results from the different workflow both had 
weakness. In response to strengths and weakness of 

 

both workflows, this paper contributes a series of 
recommendations for designers.  
 
4.1 Recommendations for designers using Carbon 
Designer 

This paper explored a case study of an office 
building in New Zealand. The case study illustrated 
the importance of using a localised set of 
assumptions around the embodied carbon content 
of different materials. Therefore, it is recommended 
to develop a local reference building that tools like 
Carbon Designer can draw information from. Using a 
reference set of assumptions will allow glazing ratios 
and recycled content in generic data to be more 
reasonably represented. 
 
4.2 Recommendations for designers using a parametric 
modelling workflow.   

A clear benefit of being able to parametric 
generate geometries is that the designer can quickly 
test and explore different strategies during the early 
design stages. However, for buildings that use a steel 
structure where the profile of the member is 
essential for generating quantities, it is 
recommended to design with a higher level of detail. 
Additionally, for buildings that require an engineer, 
like an office building in a seismically active country, 
an engineer should be involved in the sizing of 
columns and beams. The involvement of an engineer 
in early design stage element sizing could be through 
the form a guide providing approximate size ranges 
for different building heights or spans. In the 
absence of appropriate guides, designers should 
consult a structural engineer early for guidance on 
approximate member sizes. 
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Courtyard as a microclimate modifier of buildings in hot 
climates: A parametric Study 
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ABSTRACT: the courtyard is one of the passive cooling strategies in traditional buildings and is reported to reduce 
a building’s heating and cooling energy consumption and decrease the dependence on mechanical heating and 
cooling to reach the comfort levels. In this paper three critical factors of courtyard design were tested which are 
orientation, shape factor and aspect ratio of the courtyard to find their impact on the thermal comfort and energy 
demand for heating and cooling purposes were tested in a hot climate. The study used in summer and winter time 
using design-builder. The impact was for the square and rectangular courtyards.  
KEYWORDS: Energy performance, hot climate, courtyard, aspect ratio, shape factor, orientation. 
 
 

1. INTRODUCTION 
 

Humans throughout history aimed to control the 
built environment to meet their ambitions. They 
used several strategies that depended on the 
available technologies at the time. This used to 
include thick wall and pitched roofs in the cold areas 
and small opening and water fountains in hot areas. 
The courtyard was also one of the widely used 
strategies that people adopted in hot climates and 
can be found in vernacular architecture of hot areas 
such as Egypt Syria and Algeria, due to their 
significant influence on enhancing thermal indoor 
conditions.    

Roughly, 40% of energy is consumed by the 
building sector (Atlam and Rabiee, 2016), with a very 
large proportion of its generated electricity from 
non-renewable resources (Elnokaly et al, 2019). The 
consequences countries globally face today, due to 
climate change is causing a steep increase in air 
temperature due to heat waves, coupled with 
significant use of HVAC systems, with special 
reference to hot climates, that only surge the energy 
demand. This unsustainable use of our resources has 
expanded the anthropogenic polluted heat, and in 
turn, the urban heat island. The ‘building envelope’ 
has been identified by various studies to reduce heat 
gain, and hence energy consumption, through 
controlling the heat flow in and out of the building 
through shading, orientation, form, and its thermal 
insulation (AlQadi, Sodagar & Elnokaly, 2018; Okba, 
2005). Traditional and vernacular architecture 
featured varied properties such as natural 

ventilation, shading, thermal mass, and passive 
cooling techniques as some of the most important 
passive design features to achieve higher comfort 
levels (Elnokaly and Elseragy, 2013; Fathy, 1986). 
Concomitantly, studies argue that in hot-arid climate 
regions, 70 to 80% of total energy consumption is 
consumed in the operation of active cooling systems 
(Koch-Nielsen, 2013; Ayoub and Elseragy, 2018). To 
a large extent limitations in the understanding of 
environmental and thermal performances of 
architectural forms and geometries hampered their 
recognition by clients and the construction industry 
(Elseragy and Elnokaly, 2007). 
Zeng et.al (2011) argues that there are other 
attributes that influence indoor thermal comfort 
such as thermo-physical properties of the building’s 
envelope material. Oher researchers (Meyn and Oke, 
2009;  Ramamurthy et. al, 2015; Santamouris, 
Synnefa and Karlessi, 2011) identify the roof optical 
properties, specifically the albedo, thermal 
emissivity and the roof insulation to play a vital role 
in the energy balance of buildings. Other key 
features are the traditional curved roof forms (vaults 
and domes) that have many advantages in reducing 
the total heat gain from the roof and therefore, 
providing a passive cooling effect for buildings 
(Elseragy and Elnokaly, 2008). 
 
2. Review of courtyard design 

 
Qualitative and quantitative explanations were 
previously presented on the impact of courtyards  in 
hot-arid regions to act as a microclimate modifier 

 

and maintain lower indoor temperatures and 
channel breezes during the hot summer. 
The courtyard is considered one of the oldest passive 
techniques of adapting and modifying climate 
conditions, and a low cost passive design strategy to 
provide thermally comfortable spaces (Soflaei, 
2016). This typology can be traced back to 5000 
years ago when were built in the Middle East and 
China (Soflaei, 2011) as a way to protect residences 
from bad weather and unfriendly neighbours 
(Reynolds, 2001). 

A courtyard is defined as an enclosed space open 
from above and surrounded by buildings (Edwards, 
2006). Its commonly applied as a microclimate 
modifier for its environmental potentials (Muhaisen, 
2006; Almhafdy,2013; Taleghani, 2020).  To achieve 
the best environmental conditions for humans with 
limited energy such as the ability to mitigate high 
temperatures, channel breezes and adjust the 
degree of humidity, it acts as a source of airflow to 
provide thermal comfort for the residence 
(Taleghani, 2020; Saxon, 1986; Sthapak, 2014).  
especially when its design was based on examined 
criteria, such as form, size, area, orientation, shading 
devices, vegetation, ground ratio, aspect ratio, shape 
factor, perimeter ratio and water pond (Muhaisan 
and Gadi, 2005; Ahmad, 2013; Markus, 2016).  

Courtyard efficiency is mainly affected by its 
geometrical, environmental and physical features 
like geometrical configurations (Putri et al., 2020), 
orientations, proportions and formal design variants. 
Environmental features like natural ventilation, 
thermal performance and thermal comfort 
conditions for different climatic regions (Ghaffarian 
Hoseini, 2015). 
 The microclimate performance of courtyards is 
critically dependent on orientation and aspect ratio 
(Meir,1995). 
 
3. METHOD  

The methodological procedure is realized 
through an analytical approach that utilises Design-
Builder (DB) (Ref) Version5 program. DB is a well-
known program used in different research work 
since it has the proficiency to investigate multi-
objectives of energy performance in individual 
buildings or in a group/array of buildings (ALqadi, 
2018). This research parametrically investigates the 
energy demands/ performance of identified 
courtyards, seeking a better understanding of the 
reciprocal relationship and impact of the square and 
rectangular shaped courtyards and the resulting 
comfort levels in both summer and winter.  

Using the DB in the hot climatic region of 
Alramtha, Jordan was tested for energy demands in 
summer and winter to reach a thermally comfortable 
indoor environment for a hot climate zone. The 

climatic region was chosen to examine the efficacy a 
courtyard could be to adjust the microclimate when 
the temperature is the highest in the hot zone and 
its impact also during winter. The literature shows 
that the different ratios affecting the thermal 
performance of the Courtyard are the shape ratio (L 
/ W ratio) and the aspect ratio (H / W Ratio) 
(Muhaisen, 2006; Muhaisen & Gadi, 2005; Muhaisen 
& Gadi, 2006), which have a main role on the thermal 
performance of the Courtyard, also the influence of 
the Orientation on these ratios and on the thermal 
performance of the courtyard, in general were 
tested to find out the best scenarios for a courtyard 
building accordingly. 

Three different ratios were taken for the Shape 
Factor (Ratio), which are: a square ratio (1:1) a 
rectangular ratio (1:2) and a rectangular shape with 
aspect ratio of (2:3). The three shapes were assessed 
against three parameters which are the height of 
with ratios 0.5, 1, and 1.5, and then these scenarios 
were tested according to the four different 
orientations as follows: E-W / NW-SE / N-S / SW-NE. 
These cases where then studied with all of their 
variables on the energy performance during summer 
and winter (see Figures 1,2). 

 
3.1 Location: Al Ramtha, Jordan  

The study was implemented in al-Ramtha 
district/Jordan. The researchers opted for the 
empirical investigation method due to its suitability 
to the study aim and nature. 

Ar-Ramtha is a city situated in the far northwest 
of Jordan near the border with Syria. It covers 40 km² 
on a plain 30 km northeast of the Jordan River and is 
considered the second largest city in Irbid 
Governorate Irbid (Population and Statistics council, 
2017).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:  
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Location of Al-Ramtha (From: 
https://mapcarta.com/W379035377  ) 
 

Al-Ramtha encounters a Mediterranean climate, 
where the summer is hot and long (four months on 
average), with cool nights. Diurnal differences are 
seen in Alramtha with temperatures ranging in 
summer from 27 °C– 33 °C. Spring and fall 
temperatures are thermally comfortable for a 
human's body, they range from 17 °C– 23 °C. The 
winter is cold and night-time temperatures record 
sometimes below 0 °C. Snowfall is experienced once 
or twice a year. The yearly average number of days 
with rain is 77. The lowest temperature ever 
recorded in Al-Ramtha was −18 °C in the blizzard of 
1992 (Jordan Meteorological Department, 2022). 

 
4. RESULTS  
4.1 Square shaped court  
For the square-shaped court, the simulation showed 
that an increase of aspect ratio decreases the 
monthly cooling energy during summer from 
500kw/h to 360kwh, and the monthly heating energy 
during winter reduced from 160kwh to 90kwh in the 
hot climate (Figures 3 and 4).  The results show that 
an increase of courtyard aspect ratio in the square 
case generally decreased the amount of energy 
needed for cooling. This is due to the shadings 
created on the courtyard’s wall, which decreased the 
solar radiation received ( See Figures 2 and 3).. 
 
4.2 Rectangular court with 2:1 ratio  
Figures 4 and 5 show the court with a rectangular 
shape with 2:1 ratio, the simulation showed that the 
best orientation for hot zone climate to be north-
south, where the shorter side is exposed to direct 
sun radiation in the peak time of the day. Also, it was 
found that the higher the aspect ratio the more 
efficient performance the court provide, where the 
monthly cooling energy demand decreased from 50 
kWh to 360 kWh, and heating energy demand 
decreased from 150 kWh to 80 kWh monthly.  
 

 
Figure 2:  
Total cooling loads of square shape 
 

Again, the results show the courtyard aspect ratio in 
this case decreased the amount of energy needed for 
cooling. This is due to the shadings created on the 
courtyard’s wall, which decreased the solar radiation 
received. But the increase of the aspect ratio 
decreased the heating energy up to 1 aspect ratio 
then increased again when the W/H= 1.5.  
 

 
Figure 3:  
Total heating loads of square shape 
 

 
Figure 4:  
Total cooling loads of rectangular shape  factor2:1  
 

 
Figure 5:  
Total heating loads of rectangular shape factor  2:1 
 
 
4.3 Rectangular court with 2:3 shape factor 
For the rectangular courtyard shape with 2:3 shape-
factor, simulation results showed no differences 
from the performance of the 2:1 shape-factor 
courtyards where the best orientation was north-
west, and the increasing aspect ratio would decrease 
energy demands for cooling and heating needs, 
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where the simulation showed decreasing in energy 
demands for cooling from 490 kWh to 360 kWh and 
decreasing in heating energy demands from 150 
kWh to 85 kWh. Again here, when the aspect ratio 
increases the cooling energy decreases. However, 
this impact becomes very minimal in heating, where 
the optimum energy consumed is when the W/H=1 
(Figures 5 and 6). 
 
Figure 5:  
Total cooling  loads of a rectangle shape factor  2:3  

 
 
Figure 6:  
Total heating  loads of a rectangle shape factor 2:3 
 

 
 
From the last three cases, we can notice that the 
shape-factor have less impact on the energy 
performance (as the cooling energy ranged between 
350-500 kWh in all the cases, and between 70-160 
kWh for the monthly heating energy consumption).  
 
5. DISCUSSION 
The shape-factor effect was found to have minimal 
impact on the thermal performance of the 
courtyard. However, the orientation and in turn, the 
location of the sun have a direct Impact on the 
amount of the generated shading conditions on the 
adjacent walls and hence, the energy use. Generally, 
the lower the sun’s altitude, the more the shadows 
produced on the internal Surfaces and vice versa.  
More precise results necessitate further cases to be 
investigated in the evaluation as well as validating 
the simulated models with field and data 
/measurement, that can be conducted as future 
studies. The design of this study and method can be 

generalized to different climates and forms of 
courtyards with conducting the same procedure for 
design optimisation in different climates. 
Although, courtyards are considered a heritage 
passive design vocabulary in the design of buildings 
in most of the Middle East and North African 
countries, however, there has been a steep decline 
in its adoption in today’s contemporary Architecture. 
There can be many reasons for this decline, such as 
the scarcity of land, the trend towards high rise 
building apartments or imitating western housing 
typology. Today’s energy and climate challenges all 
over the globe should allow us to reflect on the use 
of courtyards and its long-standing history in 
Architecture as a passive micro-climate modifier and 
revisit its use in our contemporary housing design. 
Hence, the use of courtyards would not only provide 
an aesthetic architecture solution, an outdoor 
garden, a family breather, but its adoption to 
enhance thermal comfort, energy efficiency and 
sustainable measure within the building design. 
Designing Post-Pandemic, it will offer a place for the 
family to meet outdoors, for friends to gather in a 
safe, outdoor and clean environment with adequate 
airflow.  The COVID-19 and the lockdown situation 
has taught Architects and Building Developers that if 
there is an opportunity to provide a private outdoor 
space within the housing development it is 
important to do so. Concomitantly, today, Post- 
COVID we as a design community are definite that 
access to open outdoor space will redefine dense 
housing developments, and courtyard adoption can 
be one of the solutions to this problem.   
 
6.CONCLUSION 
 
The courtyard is a traditional passive design strategy 
to achieve thermally comfortable buildings in hot-
arid zones. Simulation results showed that for hot 
climate zones, the best direction for courtyards is 
north-south due to minimizing the exposed areas to 
direct solar radiation. The increase of the courtyard 
aspect ratio in the square case generally decreased 
the amount of energy needed for cooling. This is due 
to the shadows created on the courtyard’s wall, 
which decreased the solar radiation received.  The 
same was found in the case of a rectangular court 
with shape factors of 2:1 and 2:3. For the heating 
energy, increasing the aspect ratio did not have a 
significant impact on the heating energy in the 
square shape. However, it had decreased the heating 
energy in the rectangular shapes up to W/h=1, then 
it started increasing again due to the shadings that 
are formed in the courts where W/h= 1.5.  Generally, 
increasing aspect ratio affects positively the 
courtyards' performance efficiency, and as the ratio 
was more or equal to 1.5 it performs effectively due 
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to the shading effect which reduces heat gain during 
the day. According to simulation results, shape-
factor effect on the thermal performance of the 
court was minimal.  Covid pandemic has showed us 
that we architect can still learn from the heritage 
buildings which used to control the microclimate 
passively and with no harm on the environment 
while presenting a comfortable outdoor for the 
families and friends to socialize and meet.  Using 
simulation to understand the exact performance of 
this feature can help us to develop the domestic 
buildings in the hot climates.  
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influencing factors and adaptation 

 
 

VINCENT BUHAGIAR1; KIMBERLEY PSAILA DIACONO1 

 
1Department of Environmental Design, Faculty for the Built Environment, University of Malta, Malta 

 
 
ABSTRACT: In the wake of the COVID pandemic, office workers were constrained to adapt a home niche to work 
from home.  This paper links the perception of daylight discomfort glare in adapted home workspaces, with 
particular emphasis on the presence of a view and task difficulty. In addition, the investigation seeks to recognise 
possible trade-offs made, to avoid or accept discomfort glare.  Furthermore, the research explores the role of the 
view quality and its benefits to the occupants’ wellbeing and the perception of architectural space, in association 
with visual comfort and perception of glare. The research questions are addressed through an intensive 
literature review and a questionnaire to gather qualitative information about the participant and their 
respective home workspace. Quantitative scientific data was collected using a light meter and a mobile app.  The 
investigations highlighted the positive consequences on the wellbeing of occupants working from home, through  
availability of natural light, access to an aperture and view satisfaction. Glare control did not affect work 
productivity. The desire for a view and daylight was considered a worthy trade-off for a sense of feel-good 
factor. In the absence of such facilities subjects experienced psychological and physiological challenges, as well 
as a drop in productivity at the home-workplace. 
KEYWORDS: discomfort glare, daylight, view quality, task difficulty, adapted home-workspace  

 
 

1. INTRODUCTION 
In the context of climate change, energy 

efficiency has become one of the primary challenges 
among architects in architectural design, focusing on 
efforts to reduce dependence on HVAC systems and 
artificial lighting. This gave rise to other complex 
predicaments. Working in an artificially lit 
environment persistently, for a long time, is 
considered detrimental to the occupants’ 
physiological and psychological health[1]. On the 
other hand, working in a natural lit environment is 
believed to lead to decreased levels of stress and 
discomfort. Studies across several fields have 
presented evidence that daylight is desirable in the 
interior spaces that humans frequent, in particular for 
long periods of time. The most logical manner to 
admit daylight in buildings is through windows. These 
apertures are crucial to provide a view and a 
connection to the outdoor surrounding environment. 
The growing amount of evidence also suggests that 
people tend to react positively to daylit indoor spaces 
for two major reasons that fulfil the basic human 
needs namely, to experience environmental 
stimulation and visual ability to carry out tasks [1]. In 
spite of all this knowledge the current lighting design 
standards do not respond to the health concerns 
raised in relation to light and occupants. Lighting 
standards and glare indices have been founded on 
one single principle: the visual performance. 
However, as lighting standards are changing and 

glazed areas are increasing, the visual comfort of 
occupants is rarely considered. One of the most 
common effects of daylight is uncomfortable solar 
glare on display screens while working, which 
interferes with the occupants’ well-being, [2]. In 
scientific research, glare is defined as the visual 
sensation attributable to an intensity of light in the 
field of vision that is greater than the intensity of light 
that the eyes can adapt to at that moment in 
time,[3].  

As the Covid-19 pandemic spread globally, 
we all had to adapt to a dramatic shift in our way of 
life, both at work and at home. Offices and academic 
institutions had to shut down. This pushed everyone 
to spend more time at home more than ever. The 
way homes have been adapted to the new COVID-
related needs does not necessarily mean better 
working conditions – albeit for most, if not for all of 
us. Visual comfort at the adapted home-office, is but 
one aspect of this research. It tackles both qualitative 
and quantitative issues related to architectural 
planning, the view, daylight glare, work productivity 
versus a sense of well-being when working form 
home; this is the epitome of new studies in this 
emerging cross-over.  

  
2. RESEARCH OBJECTIVES 
 The research paper provides an insight on 
how the working environment impacts the visual 
comfort of its occupants, describe and examine the 

 

 

current state of home workspaces and questions the 
potential role of interiors on the occupants’ visual 
comfort. The potential influencing factors in the 
perception of daylight discomfort glare have been 
categorised into three groups, namely,  (i) factors 
related to lighting levels, (ii) factors related to 
observers as human subjects, and (iii) related to 
space context. The last two categories have been 
generally ignored in standards and mathematical 
equations. Among other things, this study seeks to 
determine whether factors related to observers such 
as the task difficulty carried out can influence the 
perception of discomfort glare.  Another objective of 
this research is that of identifying if the 
‘attractiveness’ of the view outside the aperture 
impacts the psychological perception of discomfort 
glare during screen time. This will provide a clearer 
understanding of what type of view is considered 
‘attractive’. An important goal of this study is to 
determine any trade-offs that are consciously or 
unconsciously made by the occupants which are 
influenced by the perception of discomfort glare.  
 
3. LITERATURE REVIEW 
3.1 Malta and its Climate  

The Republic of Malta is an archipelago of 
three islands, the main inhabited islands are Malta 
and Gozo. Over 35% of employment at national level 
is in industries that require employees to spend the 
majority of the hours of the workday carrying out 
screenwork, [4]. This implies that a substantial 
percentage of the said workforce is potentially 
experiencing visual discomfort such as discomfort 
glare at the workplace, that is deemed insignificant or 
openly ignored.  

The Köppen climate classification 
categorises Malta as Csa, that is the climate is mild, 
generally warm and dry. The average hours of 
daylight during the winter months are 10.3 hours, in 
contrast to the 14-hour days in the summer months. 
Malta is located at latitude 3552’N, in the centre of 
the Mediterranean Sea, experiencing the typical 
Mediterranean high sunlight exposure with a high 
solar altitude in summer and low altitude in winter. 
The direct sunlight available is reduced in winter due 
to the higher cloud cover, meaning that high amount 
of sunlight is diffused. On the other hand, as cloud 
cover is low during summer very intense solar 
radiation is experienced. Subsequently, the diffused 
sunlight in winter combined with a low altitude sun 
present the possibility of a consistent source of 
discomfort glare on screens, [5].  
 
3.2 Glare and Comfort  
 A significant outcome of high levels of 
illuminance is glare. When a bright source of light 
happens to be in the field of view a veil of light 

manifests itself over the surroundings. The viewer  
will be nearly completely blinded if close to the light 
source or experience limited visual performance if 
further away,[6]. Discomfort glare is defined as an 
unpleasant effect that does not necessarily impair the 
sense of sight. As discomfort glare is a subjective 
effect it poses a difficulty to properly measure it. The 
potential factors that influence discomfort glare can 
be classified into three categories: lighting-related, 
context related and subject-related factors.  

The research focuses on the influence of 
view, a context-related factor. An interesting quality 
view depends on how much information it contains, 
the more information a view provides of the 
surrounding environment the more engaging is the 
view. A good view is considered to have three levels, 
the lower level is the foreground that includes paving 
and vegetation, the middle level includes man-made 
or natural objects such as other buildings, hills and 
trees and finally the upper level consists of the 
distant elements of the view that is the sky and 
natural or man-made skyline, [6]. However, the 
quality of the view is complex to rate as it involves 
subjective judgements. Hopkinson believed that the 
view of the outside acts as an enhancing or mediating 
factor as the occupants’ tolerance to discomfort glare 
increases when offered a view with a multitude of 
engaging information,[7]. The view outside is 
potentially influencing the health, productivity and 
well-being of occupants. Studies concluded that the 
attractiveness of the view does influence the 
perception of discomfort glare, [8].  

The second factor this research focuses on 
is the task difficulty, a subjective-related factor. The 
visual task difficulty is associated to the observer’s 
ability to deduce information from the stimulus 
within the field of view. A poor visual performance 
assessed by a subject can result from the difficulty of 
the task that influences the tolerance to discomfort 
glare, [9]. The studies carried out have investigated 
the influence of task difficulty on the perception of 
daylight discomfort glare; these failed to validate this 
hypothesis.  
 
4. RESEARCH METHODOLOGY  

The research methodology is twofold, 
starting with a literature review, followed by the 
second part of the research, that is the attainment of 
primary qualitative and quantitative date. This 
entailed field research that included questionnaires 
with subjects working from their residences 
accompanied by numerical data. Data collected was 
then reviewed by comparing and contrasting the 
findings with those reviewed in the preliminary 
research and detecting conclusions.  
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Table 1: Suggested thresholds of DGPs at three levels of 
glare sensation  

Thresholds Quartile 
method 

PPD 
method Mean 

Imperceptible 
– perceptible  0.23 0.20 0.22 

Perceptible - 
disturbing 0.25 0.22 0.24 

Disturbing – 
intolerable  0.26 0.25 0.26 

The qualitative component of the mixed 
methods methodology implemented was carried out 
through a questionnaire. This was distributed among 
individuals working from home through an electronic 
link to the online questionnaire. The participants 
were not made aware that the study aims to 
determine the influence of contextual factors on the 
perception of discomfort glare, not to bias the 
participants focus on these factors. The online 
questionnaire was composed of 18 questions related 
to various themes and the participants had to answer 
it once, between 09:00 and 16:00 given that the 
participant had been carrying out screenwork for at 
least for 30 minutes. The online questionnaire was 
circulated among employees from diverse fields of 
office work for 24 days. The participant’s 
susceptibility to survey fatigue was an essential 
concern which led to a majority of multiple-choice 
and 5-point scale rating questions.  The questionnaire 
was divided into four main sections: 

Section 1 – Personal Information 
Section 2 – Workspace Information  
Section 3 – Visual Comfort  
Section 4 – Lighting Conditions  

The participants were also asked to share a 
photograph of the view out the nearest aperture and 
highlight any bright areas, if present. The 
photographs were used to determine the quality of 
the view by answering several multiple-choice 
questions to assess the view quality, [10].  

 
Figure 1: Gathering quantitative data [vertical illuminance] 
by a light meter application on the participants’ phone. 
 

The quantitative approach adopted in 
Section 4, as the final part of the questionnaire, 
where the participants were asked to download a 

light meter application on their phone and take 
readings of the vertical illuminance next to the 
computer screen approximately at eye level and 
record the number in lux, as indicated in figure 1. The 
vertical illuminance was used to calculate the 
Daylight Glare Probability (DGPs) as proposed by 
Wienold, as expressed by equation 1.  

DGPs = 6.22 x 10-5 Ev + 0.184           (1) 

Ev – illuminance (lux) 
The resultant DGPs were then compared to the 

suggested thresholds at three different glare 
sensations that are based on the predicted 
percentage of discomfort (PPD) method, as shown in 
Table 1. A major source of error encountered 
throughout the research was the variable factors of 
environmental characteristics of the various 
residences such as the difference in the reflective 
surfaces, finishes of walls and ceilings as well as the 
variability of the sunlight during the day and weather 
conditions under which the survey was taken. Other 
sources of error include discrepancies in illuminance 
readings as each value was measured with different 
devices depending on the sensitivity of the camera on 
the mobile phone.  
 
5. FINDINGS AND DISCUSSION 

The questionnaire was distributed, and 
data was collected from a total of 51 voluntary 
participants with a well-balanced gender distribution, 
ranging from 18 years to 65 years of age and 
inexperienced in the field of lighting. All the 
participants grew up in Malta, thus all were subject to 
the same indoor and outdoor climatic conditions for 
the greater part of their lives; this eliminated any 
possible inconsistencies from subject-related 
influence on the perception of discomfort glare. The 
online questionnaire was distributed for 24 days, 
from 24th May 2021 to 16th June 2021, throughout 
these weeks the weather was moderately consistent: 
sunny skies with patchy white clouds. An association 
between the participants age and the estimated 
amount of time spent at the workspace was 
observed. The majority of the participants spending 
between 6 to 8 hours at their workspace were 
observed to be between the age of 18 to 25 years, 
while most of the participants within the range of 26 
– 35 years spend between 4 to 8 hours at their 
workspace. In terms of associations with age, it was 
observed that among the age groups of the 
participants the majority worked next to an aperture 
within a six-meter distance. In fact, only 17% of the 
participants had no access to an aperture and as a 
result lacked adequate natural light, thus relying on 
artificial lighting during their working day. The study 
focuses on the perception of discomfort glare due to 
daylight, meaning that 83% of the responses were 
valid since these participants heavily rely on daylight.  

 

 

 

 
Figure 2: View of participant #32 – general view quality 8 
points 

The majority of participants justify relying 
on daylight in home workspaces to the positive 
influence on their general health, productivity and 
mood. In addition, other factors mentioned include 
the possibility to catch a glimpse of the surroundings 
beyond the enclosed workspace. The observers’ glare 
assessment based on the glare sensation vote 
resulted in 10% of the total responses rating the glare 
as ‘uncomfortable’. By applying the model for DGPs 
as expressed by equation (1), the resultant DGPs can 
be compared to the suggested thresholds. Based on 
this comparison it can be elucidated that the self-
assessments of the discomfort glare carried out by 
the participants and the DGP model are 
correspondent with the suggested thresholds 
presented in Table 1. Furthermore, the results show 
that half of the participants that evaluated the glare 
as uncomfortable, claimed to be highly satisfied with 
the view out of the nearest aperture. In fact, these 
participants rely heavily on daylight to light their 
workspace and claimed to keep the window 
curtains/blinds open on the grounds of having the 
opportunity to glance outside during the day.  

Upon assessment of the photographs of 
these views, it can be concluded that these views 
comprise three vertically stacked levels rendering 
them as ‘good views’ offering as much information of 
the context as possible. In contrast, the other half of 
the participants were dissatisfied with the view out 
their nearest aperture and also stating that they kept 
the window filters closed. It was noted that these 
views suffered from absence of one of the three 
levels or were mostly presenting information related 
to the urbanised environment. These results could be 
interpreted to deduct the trade-off these participants 
were willingly or at times unwillingly making to 
accept uncomfortable discomfort glare when highly 
satisfied with the view out the nearest aperture. The 
participants preferred having the opportunity to 
interact with their surroundings and manage the 
uncomfortable glare rather than eliminate it 

altogether by closing the window curtains/blinds. 
Hence, they are ready to make the trade-off: an 
outside view with a little glare, as opposed to an 
internal view (only), with no glare. Hence for their 
own sense of wellbeing they opted for the interaction 
with the outside world (albeit even if somehow 
limited). 

Based on a 5-point scale, the participants 
assessment of the discomfort glare as ‘perceptible’ 
add up to 14% of the responses. On the contrary to 
the previously discussed responses, a number of the 
self-assessments of the perception of discomfort 
glare and the DGPs are not consistent with the 
suggested thresholds. These results demonstrate the 
need for further investigation of the contextual 
influence and interpretation of the data. In these 
instances, the glare was negatively influenced by the 
context. On further investigation of the views, it is 
revealed that the two lower levels were missing, or 
the view provided limited to no information about 
the context. 

The most prevalent observers’ discomfort glare 
assessment was ‘acceptable’ by a 50% total response 
rating. The DGPs expressed by Equation 1, and the 
participants assessments once again differ from the 
suggested thresholds as per Table 1. In a similar way 
to the other findings the perception of discomfort 
glare has been positively or negatively influenced by 
the quality and satisfaction of the view. A specific 
result that slightly differs from the others 
demonstrated the trade-off to accept the discomfort 
glare, confirmed by the DGPs model, to be able 
supervise the children playing outside (perhaps a 
safety concern, more than a luxury). The participants’ 
glare assessment results revealed that neither of the 
participants was experiencing ‘intolerable’ discomfort 
glare. On the other hand, a quarter of the participants 
relying on daylight indicated their glare assessment as 
‘neutral’ implying they were not experiencing any 
visual discomfort. The majority of the responses and 
DGPs corresponded to the suggested thresholds. 

 

 
Figure 3: Boxplot of DGPs for glare assessment votes. 

 
The box plot as shown in Figure 3, plots the DGPs 

on the y-axis and the participants’ assessment of the 
perception of discomfort glare on the x-axis. The 
graph clearly illustrates the inter-quartile ranges 
overlap between the first three discomfort glare 
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votes and the outliers, therefore demonstrating that 
the perception of discomfort glare is influenced by 
several factors other than the vertical illuminance and 
the lighting conditions of the workspace. 

The participants who claimed to rely on 
artificial lighting, trade off the physiological and 
psychological benefits of natural light and the 
enhancing factors of the engaging information 
provided by a view. This is preferred in order to avoid 
discomfort glare or excessive amounts of natural light 
that distracts or causes visual discomfort. Others still 
rely on daylighting, but experience visual discomfort 
thus make use of window treatments to adjust 
according to the time of day. The findings show that 
this trade-off is often willingly made because of low 
view satisfaction (site context). On the other hand, 
the occupants that rely on daylighting and experience 
discomfort glare frequently accept it. They know that 
it corresponds to increased productivity, improved 
moods and perhaps above all, an inherent 
opportunity to engage with the surroundings for a 
potential better visual comfort and feel-good factor, 
as highlighted in figures 4 and 5. 

  

 
Figure 4: View of participant #48 – general view quality 1 
point 

 
The secondary focus of the study carried out was 

to demonstrate the influence of task difficulty on the 
perception of discomfort glare. In this regard the 
questionnaire also gathered data regarding the 
assessment of the task difficulty and the estimated 
amount of time the participant spends at their 
residential workspace. The findings illustrated that 
task difficulty evaluated as high to moderate by the 
participants themselves, claimed a less visual 
discomfort due to discomfort glare than what the 
suggested thresholds according to the DGPs model 
claim. 
 
 

Table 2: Participants’ task difficulty and assessment of 
perception of discomfort glare.   

Task 
difficulty 

Discomfort glare 
assessment Suggested threshold  

2 Acceptable  Perceptible - disturbing 

2 Acceptable Imperceptible – 
perceptible 

5 Acceptable Disturbing - intolerable  
 

4 Perceptible Disturbing - intolerable  
 

4 Uncomfortable Perceptible - disturbing 
 

On the other hand, the participants that evaluated 
a low task difficulty assessed the perception of 
discomfort glare higher than the suggested 
thresholds. These findings show, in contrast to the 
expectations, that discomfort glare is not task 
dependent. One of the misleading factors that 
influenced this study and outcome is the broad 
variety of tasks that participants were carrying out. 
This was impossible to predict from day one of the 
survey. In addition, when the participants assessed 
the difficulty of their tasks, this introduced a margin 
of error as a participant could assess a task difficulty 
higher or lower than another participant carrying out 
a similar task – thus such an opinion is truly 
subjective.  

Another possible factor that could have 
introduced bias is the repetition of the task/s carried 
out, this influences the judgment of the task difficulty 
(or perhaps verging on boredom, thus sparking 
dissatisfaction at the desk). 

 
Figure 5: View of participant #1 – general view quality 5 
points 
 
6. CONCLUSION 

This research has shed light on the ability of 
architectural planning to influence and improve the 
well-being of occupants, while recognising some 
limitations in the adapted layout design strategies. 
The outcome of this study also emphasises the values 
of context and climate, apertures, lighting and health. 
Once again, the investigation highlighted the positive 
consequences on the wellbeing of the occupants 

 

 

brought forward by availability of natural light, access 
to an aperture and view satisfaction. In the absence 
of such facilities occupants might experience 
psychological and physiological challenges, as well as 
a drop in productivity at the workplace.  

The powerful role of nature and any 
unbuilt environment, and its elements emerged 
constantly throughout the research. Its role in 
architecture is recognised as a fundamental 
component on how the occupants perceive both the 
indoor and outdoor surroundings.   

The direct effect of daylight glare on 
productivity is vague. This relationship in based on 
several external factors such as motivation, working 
conditions,  emotional state, sinister personal 
problems, and ultimately, the degree of control on 
indoor environmental conditions.  

The research indicates that the acceptance 
of discomfort glare does not influence the 
productivity and none of the participants suggested 
that the perceived glare influenced negatively or 
positively the productivity. In fact, the positive 
influence of the available daylight and view quality 
seem to counteract the potential negative influence 
of discomfort glare on productivity. This does not 
mean that there is no relationship between the 
perceived discomfort glare and productivity, but 
perhaps the methodology used was not suitable to 
establish such a relationship.  

The measuring of the influence of 
discomfort glare on occupants is a complex and 
interdisciplinary approach that should be addressed 
by a manifold of pure and applied sciences. It is surely 
a cross-over between architecture through a good 
quality interior design layout, flexible enough to 
allowance for a comfortable home-office, combined 
with a psychological a positive state of mind and 
sense of well-being. 
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ABSTRACT: This study aimed to assess the relationship between thermal comfort and bioclimatic design adopted 
in examples of modernist residences in the city of Goiania, Brazil. The following methodological procedures were 
used to predict thermal sensations: a) climate description to understand the local climate background and the 
relationship between users and buildings; b) study case to describe all elements of the building envelope; c) 
users’ features as anthropometric data, clothing preferences, and activities developed inside the residence; and 
d) three-dimensional building/modeling and simulations to report building behavior during the year. Three 
representative bioclimatic modernist houses were selected and four scenarios were analyzed: scenario 1, the 
original situation of the residence; scenario 2, removal of the double walls and stone cladding; scenario 3, 
removal of the brises soleil and balcony; and scenario 4, removal of the vegetation cover. The results highlight 
the importance of the thermal performance of the materials used in tropical houses, especially in strategies with 
high mass for cooling. Brises soleil can significantly influence energy gains, especially during the morning. The 
interior ambiance must be adequately distributed in a solar orientation.  
KEYWORDS: Bioclimatic Modern Architecture Houses, Bioclimate Strategies, Thermal Comfort, Tropical Climate 
(Goiânia); Design Builder (Energyplus) 
 
 

1. INTRODUCTION  
In the historical context of architectural 

production, modernist architecture manifested in 
Brazil with a concern to adapt the building to the 
local reality, incorporating several characteristics, 
including climate control mechanisms that are 
related to the principles of bioclimatic architecture.   

In 1920, Brazilian modernist architecture 
presents itself in a different way and with a desire 
to characterize each building and report it to the 
landscape [1]. Modernist brazilian architecture 
brings several features, including climate control 
mechanisms, such as solar and lighting control [2]. 
Some authors understand that this concern 
gradually fades away and elements such as fully 
glazed facades are incorporated into the projects, 
although there is initially a search for the physical 
adaptation of the building to the climate. Corbella 
and Yannas [3] also note that, for a short period 
from the 1930s onwards, architects resorted to the 
principles of modernism together with a concern for 
the environment, however, from the 1960s 
onwards, buildings began air conditioning uses. 

Considering the importance of adapting 
buildings to the conditions of the climate in which 
they are inserted, this work aims to analyze the 
relationship between the principles and strategies 

of bioclimatic architecture and the design solutions 
adopted in examples of modernist residences in the 
city of Goiânia-GO. In Goiania, there are Three 
buildings were selected as object of study. 
 
2. OBJECT OF STUDY 

There are three moments of modern residential 
architecture: the first period, marked by the 
influence of Rio's rationalism, the second, 
considered a transition period, and the third, 
defined by the brutalist expression [4]. It can 
highlight that these moments did not follow a rigid 
sequence and there is a combination of Rio and São 
Paulo currents in some works due to the late 
manifestation of the modern movement in the city. 
The modernist language that took place in Goiania 
acquires an original feature and can be considered 
creative and mixed due to local limitations and 
adaptations [5]. The language of these modernist 
houses was summarized and distributed in a 
timeline (Fig. 1) 

For this study, it was selected the most 
representative bioclimatic modernist house, 
Georthon Philocreon Residence. Figure 2 presents 
the bioclimatic strategies observed on this house 
(Figure 2). 
 

 

 
Figure 1:  
Timeline of Modernist Houses built in Goiania 
 

 
Figure 2:  
Bioclimatic strategies of the building envelope 

 
 
 
3. METHODOLOGY 

The methodological procedures used on this 
study to predict thermal sensations were: 

- Climate description to understand the local 
climate background and relation between 
users and buildings; 

- Study case to describe all elements of the 
building envelope (Figure 3); 

- Users’ features as anthropometric data, 
clothing preferences, and activities 
developed inside was based on [6] 

- Tree-Dimensional Building Modelling and 
Simulations to report building behavior 
during the year. 

The city of Goiania (Figure 3) has a well-defined 
rainfall regime, configuring a dry season (May to 
October) and a rainy season (November to January). 
The months of February, March, and April have a 
reasonable rain intensity, characterizing a transition 
between periods. Relative humidity indices vary 
from 52% in August (the driest month of the year) 
and 82% from December to March [7]. The average 
wind velocity was 1.5 m/s and the predominant 
wind direction was southeast. 

Figure 3:  
Localization of Goiania, Brazil  

 

To evaluate the influence of bioclimatic 
strategies, it was selected 4 scenarios: - In scenario 
1, the original situation of the residence; In scenario 
2, the double walls were removed, and the stone 
cladding removed; In scenario 3, brises soleil and 
balcony have been removed; and in scenario 4, the 
vegetation cover was removed. 

Input data were: 
• Category: Residential Spaces. 
• Configuration for operation under natural 

conditions only (cooling, heating, water 
heating, and mechanical systems will be 
disabled). 

• Temperature: 24 °C (the window was opened 
when the indoor air temperature was equal to 
or higher than the set temperature and the 
indoor temperature was higher than the 
outdoor temperature); 

• For other data, the program's default values 
were employed. 
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Figure 4:  
Analysed house in Design Builder  

 
 

After modeling, the materials for each building 
element must be configured, such as internal and 
external walls, floors, roofs, and openings, as table 
1. They will also be configured as zones according to 
the use of each environment (living room, 
bedroom, kitchen, bathroom, or circulation) using 
the templates provided in the software. 

After creating a scenario with the original 
situation (Scenario 1), the other scenarios were 
created by modifying the original file. The results 
obtained for the living and dining room areas of 
each residence during the simulation were 
collected; this is an extended stay resting place that 
is common to all homes and enables differentiation 
from the defined scenarios. 

The data obtained in the four scenarios were 
tabulated and treated in spreadsheets to obtain 
clearer information regarding the influence of 
conditions on the performance of households. Of 
note, the purpose of the simulation was to verify 

the difference in operating temperature variations 
between the scenarios; thus, the scenarios were 
not supported in isolation. 
 
Table 1 
Variations in the composition of the walls and roofs for 
each residence 
Resid
ence 

ID Compositi
on 

Thick
ness 

U* 
W/(

m2.K) 

TC** 
kJ/(

m2.K) 

Ther
mal 
Dela
y (h) 

Geort
hon 
Philoc
reon 
(L) 

Exte
rnal  
wall 
1 

Stone (100 
mm); 
Cement 
render (25 
mm); 
ceramic 
solid brick 
(100x60x2
20mm); 
Cement 
render 
(25mm) 
Stone (100 
mm); 

470 
mm 

1,93 501,3
6 

8,2 

Exte
rnal  
wall 
2 

ceramic 
solid brick 
(100x60x2
20mm); 

220 
mm 

2,53 352,1
3 

5,62 

Roof 
1 

Ribbed 
Concrete 
(200mm); 

500 
mm 

3,64 273,6
5 

2,5 

Roof 
1 

Ribbed 
Concrete 
(500mm); 
Soil (100 
mm); 
grass (50 
mm) 

650 
mm 

1,84 520,1
0 

8,3 

 
As part of the analysis, the adaptive comfort 

index of Auliciems [8] was used, which was the 
most suitable for use in Brazil by Pereira and Assis 
[9]. This index defines the neutral temperature (at 
which people feel comfortable) using the following 
equation: 
 
TN = 0.314*TE + 17.6   (Eq. 1) 
 
where TN is the neutral temperature and TE is the 
monthly mean outdoor temperature. 

For the month of September, which has a 
monthly average temperature of 24.78 °C (obtained 
from the climate file used), the neutral temperature 
was 25.38 °C. As the comfort amplitude for the 
Auliciems model [8] is not defined, a variation of ± 2 
°C in relation to the neutral temperature, it was 
adopted as the maximum temperature for comfort. 
Goiania has the greatest discomfort due to heat, 
and air temperatures are above the maximum 
comfort range in September. 

 

3 RESULTS 

Based on the architectural project, results of 
three-dimensional model of the building were 
reported in this section. Results for a percentage of 
occupied hours with the operative temperature 
ranger (PHFT) for each scenario during a year can 
be seen in Figure 5.  

Results of PHFT show that Georthon Philocrean 
Residence has more than 8600 thermal comfort 
hours by year. It was observed that the solar 
protection can influence on thermal performance. 
As well, the use of high mass for cooling can brings 
more thermal comfort. It was observed that 
Although presence of bioclimatic strategies design 
on buildings, in tropical climate (savanna) the 
attendance of inertia mass for cooling is very 
important.  
 
Figure 5:  
Results for PHFT in different Scenarios by each study case 

 
Fig. 6 summarizes results of operative 

temperature for first week of September (autumn 
season in Brazil) in different scenarios for each 
study case. It can observe that scenario 2 and 3, 
improving high mass inertia, bring more thermal 
comfort hour.  

well, scenario 3, removing solar protect, has 
worst thermal performance for all cases. In scenario 
4, removing vegetation, have thermal performance 
reduced due to vegetated cover. 
 
Figure 6:  
Results of thermo-simulations for modern residences in 
autumn season in Brazil 

 
 

There was no significant difference between the 
temperatures of Scenarios 1 and 2. When the 
variation in operating temperature is compared 
between Scenarios 1 and 3, an increase of up to 2.7 
° C was found owing to the removal of the existing 
sun protection elements. For Scenario 4, the 
replacement of the fiber-cement covered by the 

vegetated covering favored a decrease of up to 1.8 ° 
C in the operating temperature, which could 
contribute to fewer periods with temperatures 
above the comfort range. 

Comparing results to attendance of bioclimatic 
strategies for different studied housing with 
thermo-energetic simulation, it was observed the 
influence of thermal mass on thermal comfort 
conditions on Tropical Climate (savanna). These 
results confirmed Eli et al. [9] findings.  

The design process of buildings from bioclimatic 
modernism considered knowledge of 
environmental principles and the analytical tools of 
today. It was confirmed results by Gonçalves et al 
[10]. 

The positive impact of external shading or 
correct orientation of windows in moderating 
internal temperature variations and, in the context 
of this analysis, keeping them within the pre-
established comfort zone, with even better 
conditions when window apertures are opened up 
to 60%. This study is important to develop project 
guidelines appropriate for the nation's socio-
cultural reality to reduce energy consumptions. 

Although modernist architecture in Goiania 
considers bioclimatic strategies, during a warm 
wave, it is necessary the use of fans for provide 
thermal comfort inside. Buildings need to adopt to 
climate changes for reducing energy consumption, 
especially in Savanna tropical climates. These 
findings confirms Eli et al. [9] and Abreu-Harbich et 
al, [5]. 
 
4. CONCLUSIONS 
Bioclimatic architecture seeks to develop the built 
environment in a way that suits the local climate, 
seeking comfort, energy efficiency and 
sustainability. In modern bioclimatic architecture is 
not explicit, although Brazilian modernism 
initiatives are manifested by the use of sunscreens 
and leaked elements during the 50's to 70's. a way 
to sensitize the student and designer about the first 
searches for energy efficiency and sustainability in 
housing. From these examples of implementation in 
the architectural project, it is possible to make an 
integration between the present and the future. 

Even not fully contemplating the design guidelines, 
the analyzed residences present different 
approaches to adaptation to the climate and 
contribute with solutions that are compatible with 
the city of Goiania. To assess the level of thermal 
comfort and influence of materiality, it is necessary 
to conform in place and / or computer simulation. 
The advantages of this type of activity in the design 
process are: development of critical thinking about 
architectural and urban diversity in its time, culture 
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and practice; creation of new climate-adapted 
design parameters; expansion of the design 
repertoire and reflection on the possibilities of 
applying different bioclimatic strategies in 
architectural design; understanding of the methods 
used to define bioclimatic in each climate. This 
activity can also be performed using different types 
of different buildings (school, commercial, 
institutional); in another architectural style; and in 
different cities. It is suggested that the activity be 
carried out in the Thermal Comfort and 
Architectural Design discipline. This method of 
analyzing case studies makes it possible to sensitize 
the student and designer to the dissemination of 
good design practices in thermal comfort, health 
and energy efficiency, as well as the application of 
bioclimatic in future projects.  
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ABSTRACT: Accounting for almost 40% of energy consumption in the European Union, the role of the existing 
building stock is instrumental in the energy transition and the goals for carbon neutrality of the built 
environment. An effective renovation plan must significantly improve the current energy performance towards a 
nearly zero-energy level. Nevertheless, renovation that addresses the energy performance of buildings is at a 
rate as low as 1%, with deep renovation being at 0.2%. The low rate can be attributed to the higher complexity 
and costs incurred due to the high number of retrofitted components and the integration of renewable energy 
sources, the many actors involved and barriers such as split incentives and availability of funds. 
This paper discusses the process that led to a zero-energy renovation of a previously outdated post-war, mid-
rise, tenement apartment building. This process included design, execution of the technical measures, energy 
contracting and monitoring. The aspects considered during this project focus on the technical solution, including 
the building envelope and services upgrade and the performance guarantee that made the project a successful 
business case. The results showed that the renovated building is zero-energy and the energy production 
overcompensate for the energy demand. The steps that were taken ensured a renovation concept development 
towards upscalability. Lessons learned during this project have enabled the involved stakeholder to extend the 
renovation concept to address various buildings types and performance goals. 
KEYWORDS: zero-energy renovation, energy performance guarantee, building refurbishment 
 
 

1. Introduction  
Accounting for almost 40% of energy 

consumption in the European Union (Tsemekidi 
Tzeiranaki et al., 2020), the role of the existing 
building stock is instrumental in the energy 
transition and the goals for carbon neutrality of the 
built environment. To tackle this potential, the rate 
and depth of renovation need to increase (Artola et 
al., 2016). Today the annual renovation rate of the 
building stock varies from 0.4 to 1.2% in the 
Member States (European Commission, 2020). This 
rate will need at least to double to reach the EU's 
energy efficiency and climate objectives (European 
Commission, 2019). The low rate can be attributed 
to the higher complexity and costs incurred due to 
the high number of retrofitted components and the 
integration of renewable energy sources, as well as 
the many actors involved (Bystedt et al., 2016; 
D'Oca et al., 2018). Furthermore, the split incentive 
between the tenants who benefit from the energy 
savings and the landlords who do not have 
sufficient incentive to invest in improving the 
property (Atanasiu et al., 2014) is identified as one 
of the most long-lasting barriers.  

An effective renovation plan must significantly 
improve the current energy performance towards a 

nearly zero-energy level. Zero-energy does not 
necessarily imply zero-carbon, as the carbon 
emissions also depend on the energy supply system 
on regional and national level (Galvin, 2022). A Zero 
Energy Building (ZEB) is a building with greatly 
reduced energy needs and/or carbon emissions, 
achieved through efficiency gains and  renewable 
energy. ZEB can be referred to as a Zero Energy 
Building and Zero Emission Building. The first 
considers the energy consumed by a building in its 
day-to-day operation, and the second is the carbon 
emissions released into the environment as a result 
of its operation (D'Agostino & Mazzarella, 2019). 

In both cases, to reduce the energy demand, 
zero-energy renovation needs to upgrade several 
building components to reach an improved 
performance. The integration of many components 
increases the complexity and the cost of those 
renovations. Energy performance contracts (EPCs) 
offer the option of performance guarantees which 
can reduce risks associated with complex projects. 
Given that they enable funding of energy 
renovations from energy cost savings, they 
successfully tackle upfront cost barriers for 
consumers (Bertoldi et al., 2021). 
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This paper discusses the process that led to a 
zero-energy renovation of a previously outdated 
post-war, mid-rise, tenement apartment building. 
The aspects considered during this project focus on 
the technical solution, including the building 
envelope and services upgrade, and the 
performance guarantee model that made the 
project a successful business case.  
 
2. Method 

2.1. Renovation design and execution  
The objective of the project was to demonstrate the 
feasibility of a zero-energy renovation. The 
standard needed to achieve in this project was “Nul 
op de meter (Zero on the meter)”, which means 
that the yearly average energy consumption is zero 
(RVO, 2016), including heating, domestic hot water 
(DHW) and appliances. Achieving zero-on-the-meter 
performance was also essential for the business 
case, as makes it possible to apply the “energy 
performance subsidy (EPV)” regulation (RVO, 2017), 
that allows for a fixed amount per m2, per month to 
be compensated to the building owner for the 
improved performance. The subsidy is not part of a 
rent increase.  
The first concern is to include all the necessary 
measures to achieve the zero-energy goal and allow 
for the performance guarantee. Next to the 
selected technical upgrade interventions, the 
construction process is very important. It 
constitutes the proof that the renovation is feasible 
and applicable while the occupants are living in 
their dwellings. The planning needed to follow 
some basic principles in order for the construction 
process to be as little disturbing for the occupants 
as possible and of course, safe and efficient. Those 
attention points highlighted process issues to 
consider for the planning, such as that the residents 
cannot stay with no heating or warm water and that 
a maximum of five days of construction work inside 
each apartment is allowed. 
Taking into account the above mentioned and the 
time needed for the manufacturing, transfer, and 
installation of the components, the construction 
team planned and successfully executed a detailed 
timeline for the renovation process for all 12 
dwellings over 15 weeks. The renovation was 
completed in February 2018. 

2.2. Energy calculations and Energy contract  
Given the zero-energy objective, the energy 
demand and energy generation were central in the 
renovation's decision-making. Moreover, estimating 
the energy use was essential to determine the 
conditions of the energy contract. 
The calculation was made through the tool Uniec2 
(Earth Energie Advies, 2017), which is an accredited 
software for calculating the Energy Performance 

Coefficient (EPC) in the Netherlands, defined by the 
NEN7120 building degree (NEN, 2017). The 
calculation method is a static calculation on the 
theoretical energy demand based on standardised 
inputs. The output of energy generated is calculated 
according to the Photovoltaic panels’ specifications. 
This software was considered appropriate for the 
project, as it facilitated the communication 
between the design team and the building owner 
and occupants. Moreover, the calculation of the 
EPC and the benchmark value of 0,2 is the 
precondition to apply for the EPV.  

2.3. Monitoring 
A wide array of techniques is available for 

monitoring. Post-occupancy evaluation of a building 
can be done through surveys on comfort and 
perception of temperature and climate; qualitative 
methods such as diaries can be used to evaluate the 
usability of systems and building; and objective 
measurements can be taken regarding indoor 
environment in relation to the weather (Guerra-
Santin & Tweed, 2015). 

For the current research, a combination of 
existing methods was chosen. Temperature, CO2 
levels, and humidity can be measured relatively 
straightforwardly and give a good indication of 
thermal comfort compared to norms and measured 
over more extended periods of time. Furthermore, 
a fine-grained dataset of indoor climate 
measurements provides rich data for analysis which 
can then be linked to clear instances of occupants’ 
practices or difficulties in use (Guerra-Santin et al., 
2017). This data also allows for a comparison with a 
simulation of the performance of the occupied 
building [source]. Finally, if occupants are well 
informed of the research, the use of sensors in the 
home does not have to lead to too much disruption. 

In addition to the indoor climate measurements, 
interviews and walkthroughs were organised in 
occupant visits, where the data could be coupled 
with the preferences and practices of the residents 
and problematic issues in the buildings. This offers 
an occupant perspective and more in-depth 
information that will help formulate learnings for 
future projects. 

Each of the ten dwellings was fitted with three 
monitoring devices [Figure 1]. These sensor boxes 
record and transmit the measurements for indoor 
temperature, levels of CO2, and humidity in 3-
minute intervals. One of the three sensor boxes was 
placed in the living room, one in the kitchen, and 
one in the front room. Bedrooms where not 
monitored because the ethical approval for the 
study had to be obtained within a short time frame. 

 

 
Figure 1: The monitoring boxes installed in the 

dwellings, developed by industrial partner OfficeVitae. 
Next to this, the residents received a booklet 

that helped them reflect on their own thermal and 
climate comfort and practices pre-and post-
renovation. 

The present paper reports indicative results of a 
preliminary post-occupancy evaluation of the 
period until 2019. 
 
3. Strategy to zero-energy renovation 

3.1. Renovation solution 
The main objective of the building envelope 

upgrade is to reduce the heat losses through the 
building elements. The high thermal resistance of 
the envelope, indicated by the values in Table 1, is 
essential to the heating demand. Combined with 
the Heat Recovery Ventilation, it allows for low-
temperature heating sources (Wang, Ploskić, Song, 
& Holmberg, 2016). 

The renovation resulted in excellent insulation 
and airtightness, featuring external insulation on 
the walls, new window frames with triple gazing , 
prefabricated insulated roof panels, photovoltaic 
(PV) panels.  

As suggested by the national energy goals, the 
building is disconnected from the gas, which 
complies with the current energy policy. The 
heating and DHW is provided by the ground-source 
heat pump of COP6. The heat pump, water tank and 
heat-recovery ventilation unit are placed in 
prefabricated, insulated boxes located outside the 
apartments on a new, enlarged balcony. The 
building consortium partners provided the building 
owner with maintenance and energy performance 
guarantee.  

3.1. Energy use and generation,  
During the design phase, the project team 

calculated the energy demand as part of the 
building permit process and determined the energy 
performance guarantee. The energy calculations 
show a net energy surplus on an annual basis for 
standardised occupancy. 

 
 

Table 1: Overview of technical options of the 
Demonstrator and Scaler projects. The explanation 

column includes the reasons for deciding for different 
measures in the scaler project 

Wall 

Rigid expanded 
polystyrene  
Plaster finishing 
U=0,16 W/Km2,   

 

Windows 

u-PVC frames  
Triple glazed panes  
Uw=1 W/Km2,   
 g=0,8 
  

Roof 
Sandwich Insulation 
panels  
U=0,14 W/Km2  

 

Ground 
floor 

Expanded polystyrene in 
granulated form blown  
crawling space 
U=0,28 W/Km2   

Balcony 

Old balcony removed and 
replaced with new steel 
structure, on new 
foundations  

 

Entrance New closed entrance 

 

Ventilation  
Mechanical ventilation 
with heat recovery, up to 
95%,  

 

Heating 
Ground-to-water heat-
pump COP 6.00 (one 
every 3 apartments) 

DHW 

Ground-to-water heat-
pump COP 3.00 
(one every 3 apartments, 
one water buffer per 
apartment).   

 
For reference, earlier studies (Guerra-Santin et 

al., 2018) suggested that this type of dwellings are 
expected to consume on average approximately 
2300kWh/yr for heating and DHW, and 2800 
kWh/yr for appliances, with the possibility to 
reduce to 1600 kWh/yr, if they switch to high 
efficiency appliances. Table 2 presents details on 
the energy use and production per dwelling.  The 
total projected energy use of 3106 kWh/yr 
constitutes a 60% reduction from the 5100 kWh/yr 
reference energy use. 

To reach the zero-energy standard, energy 
production on-site is needed. To this end, 
photovoltaic panels with a capacity of 300 Wp are 
installed, both on the south and the north sides of 
the roof. Given the roof area, each apartment 
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receives 8 photovoltaic panels oriented to the 
South, resulting in a yield of 2,304 kWh to cover 
their household consumption of 1,800 kWh. One 
dwelling gets 2 panels on the South and 10 on the 
North. The remaining 80 panels on the north 
produce additional energy to ensure that the zero-
energy objective is met.  

Due to the excess of PV panels compared to the 
calculated energy demand, there will be a surplus of 
energy on building level. This energy can be saved 
for future years, when the PV output energy is 
reduced due to degeneration of the panels or the 
occurrence of colder or less sunny years. The risk of 
missing to compensate the energy demand is thus 
reduced.  
Table 2: Calculation of the energy use (with no cooling) 
and the energy generation with PV with 300Wp, per 
dwelling, per year. 

Area apartment (m2) 59 
Energy use building services (kWh) 353 

Energy useDHW (kWh) 487 
Energy use - Building related (kWh) 840 

Energy use - user related (kWh) 1800 
15% reserve (kWh) 466 

Total energy demand (kWh) 3106 
Energy generated from PV - 8panels south 

(kWh) 2304 

Energy generated from PV - collective 
panels north (kWh) 1230 

Total energy generation (kWh) 3534 
Those calculations allowed for a 25-year zero-

energy performance contract to be agreed upon 
between the building services provider and the 
building owner. According to the agreement, the 
building services provider guarantees the 
maintenance of the systems and the energy 
demand for a fixed amount per dwelling.  

Furthermore, to overcome the split-incentives 
barrier, the housing association signed a contract 
with each occupant for their energy use. The energy 
budget for space heating and DHW, guaranteed by 
the building services, is 966 kWh per year, per 
dwelling, which is 15% over the calculated demand 
(Table 2) 
  
4. Post-occupancy evaluation 

4.1. Energy use 
After the building renovation completion, the 

performance monitoring continued, as part of the 
energy performance contract, between the building 
owner and the building services provider. Table 3 
provides an overview of the energy used for space 
heating and DHW and energy generation. Because 
there is one heat pump for every three, vertically-
stacked apartments, the energy consumption 
metered by the heat pump is divided equally by 3 in 
the table.  

The first observation is that the energy use in 3 
out of 4 cases is higher than the 840 kWh per 
apartment predicted (Table 2). Since this heat 
pump consumption includes both space heating and 
DHW, we cannot separate if it is building- or user-
related. Nevertheless, the PV generation is also 
higher than predicted. As a result, and taking into 
account the contracted household electricity of 
1800kWh, there is an energy surplus 
Table 3: Energy use and energy generation for the period 
1-1-2019 until 31-12-2019, in kWh/year 

4.2. User related energy for appliances 
The user-related energy usage slightly exceeded 

their projected use of 1800kWh, but the solar 
panels for the heat pump consumption produced a 
surplus of energy. Energy usage data is unavailable 
from all houses because electricity is contracted 
separately with the energy company. An example of 
one household provided below, based on the 
household's energy bills for their personal energy 
use (appliances). It shows that energy yield comes 
close to energy use for the household’s individual 
energy use, after renovation.  
Table 4: the energy use and energy generation (in kWh) 
for June 2016- June 2019 for one household’s personal 
appliances. The yield differs from Table 3 because only 
the PV for personal energy use are included.  

 Jun2016
Jun2017 

Jun2017
Jun2018 

Jun2018 
Jun2019 

Energy use, off-peak  1509 1451 1262 
Energy use, peak  1547 1178 785 
Total energy use  3056 2629 2047 
Energy yield, off-peak - 457 480 
Energy yield, peak  - 1093 1193 
Total yield  - 1550 1673 
Net energy use  3056 1079 374 

The table shows the difference in that 
household’s energy use before and after the 
renovation. The renovation took place during the 
winter of 2018. The household’s energy use post-
renovation still exceeds the yield by 374 kWh. 
However, the table does not yet reflect the full yield 

 

Energy use 
– Space 

heating + 
DHW  

Energy 
generat
ed from 
PV  

Energy use - 
user related 

energy 
contract  

Energy 
surplus  

1-G 852 3785 1800 1133 
1-M 852 3807 1800 1155 
1-T 852 3836 1800 1184 
2-G 1427 3821 1800 594 
2-M 1427 3856 1800 629 
2-T 1427 3825 1800 598 
3-G 1149 3127 1800 178 
3-M 1149 3297 1800 348 
3-T 1149 3827 1800 878 
4-G 1511 3823 1800 512 
4-M 1511 3790 1800 479 
4-T 1511 3593 1800 282 

 

that can be expected for the resident’s next energy 
use period. As mentioned above, this surpassed 
1800 kWh in the first eight months of 2019. 
Additionally, the yield of the other set of solar 
panels, those for the building services, was higher 
than needed, adding to the surplus to be expected. 

The resident’s lower energy use over these 
three years (from 3056 kWh to 2629 kWh to 2047 
kWh) can be explained by the refurbishment: 
insulation, switch to led lighting (residents received 
a gift set), efficient installations and switch to 
induction cooking. 

4.3. Comfort, preferences and practices 
Both the CO2 levels and the temperature in the 

households have stabilised since the renovation of 
the building. Indoor air humidity has also decreased 
and stabilised between 30 to 60 %, reducing fungus 
and dampness in the ground floor apartments, 
which was an issue before the renovation. 
However, in two households, CO2 levels are 
measured that are too high for continued periods. 
Some of these issues could be resolved by changing 
the ventilation setting. The CO2 levels were 
significantly lowered after the residents were 
advised to change the setting. 

The temperature of the households has 
stabilised significantly since the renovation. The 
data shows that the temperature rarely drops 
below 18oC in winter (Figure 2). However, the 
indoor temperatures in the top floor apartments 
reached more than 26oC above 25% of the time, 
including nights during June, July and August of 
2019, with a maximum of 31oC. The summers of 
2018 and 2019 were hot compared to average 
weather data. This led to an average temperature in 
households on all levels of 26oC during 21-25 of July 
2019, with only one-degree cooler at night. Homes 
sometimes were 28 degrees warm at night. Short-
term temperature peaks over 26oC also happened 
during other times of the year, mainly in the early 
evenings, after cooking and sun exposure in south-
facing living rooms.  
Many of the ten households monitored had bought 
additional heating devices for the winter. Although 
the temperatures were now much more stable, 
with drafts removed and all rooms heated evenly, 
some residents felt they would like a bedroom to be 
cooler or warmer than the rest of the home. Some 
felt that even a temperature of 22oC was too cool, 
while others would have preferred a temperature 
of around 20 degrees. A stable temperature is 
valued by all residents, although at different levels. 
In addition, they would also like to be able to 
change the temperature to their preferred level. 

 
Before renovation 

 
After renovation 
Figure 2: Line and box plot: The period of July to January 
is taken for 2017-2018 (before renovation) and 2018-
2019 (after renovation). A boxplot is made for each 
month to compare the relationship between indoor and 
outdoor temperature over time (graph by Heleen Oude 
Nijhuis and Rene van Egmond). 
Overall, the residents reported high satisfaction 
with the renovated homes. The key points of 
satisfaction were the absence of fungus, drought 
and humidity in the homes post-renovation. The 
increased temperature stability was an additional 
point of satisfaction, as were lower peak indoor 
temperatures in summer than in pre-renovation. 
The aesthetic quality of the exterior of the building 
was also an essential point of satisfaction for the 
residents. The residents reported lower satisfaction 
and dissatisfaction with their limited ability to set 
the temperature at the desired level. The residents 
also reported low satisfaction with the user 
interfaces of the building services, such as the 
ventilation interface and the activities they needed 
to perform for maintenance on the ventilation 
filters. These aspects can potentially affect building 
performance in the long term. 
 
5. CONCLUSION 

The paper presented a zero-energy renovation 
concept applied to a multi-residential building of 12 
apartments in the Netherlands. The concept 
addressed the technical aspects, including the 
building envelope and services upgrade and energy 
generation application through PV panels. 
Furthermore, it offered an energy performance 
guarantee to the building owner, who was able to 
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provide an energy performance contract to the 
residents.  

The combination of measures to reduce the 
energy demand and maximise the energy 
generation achieved and went beyond the zero-
energy target. Even though some households 
exceeded the predicted energy demand of 840 
kWh/yr, the PV yield exceeded the calculated 
production, resulting in an energy surplus. In this 
sense, the reduction in energy use was 100%.  

Moreover, the energy performance contract 
resulted in a viable business case without increasing 
the rent after the renovation. This is a significant 
achievement, given that the increased costs for the 
building owner are one of the main barriers to 
implementing zero-energy renovation concepts. 
Energy performance contracts proved an effective 
way to implement a complex zero-energy 
renovation strategy and can be a tool for upscaling 
renovations.  
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Vegetation as a mitigation strategy on Mediterranean context 
Outdoor thermal comfort from simulated data 
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ABSTRACT: The deterioration of the urban microclimate impacts the thermal comfort of the city's inhabitants. 
The urban heat island (UHI), which defines the differences in air temperature and urban-rural area, is the most 
studied urban climate phenomenon. The thermal environment induces adverse effects on human health, 
affecting psychological responses and cardiovascular functions and increasing human mortality. Shade trees are 
a passive strategy to mitigate the urban heat island phenomenon (UHI). Therefore, designing the optimal tree 
layout is essential to maximize thermal benefits. Based on a simulation in ENVI-met software, this research 
analyzes how the location and arrangement of trees influence outdoor microclimates and human thermal 
comfort in a residential neighborhood in Ensenada, Baja California, Mexico. The study focused on understanding 
the impacts of the location and distribution of trees on outdoor microclimates, the same tree species (Cupressus 
Forbessi) was used in the simulation scenarios. However, due to the tree size and limited space on residential 
sidewalks, scenarios with groups of more than two trees for each single-family home were not simulated. This 
study reveals that using individual tree arrangements improves the cooling benefits and thermal comfort. The 
best results were obtained for arranging a Cupressus Forbessi tree (3.0 m crown and 3.0 m tall), at a 7.0 m 
distance from each other. 
KEYWORDS: Thermal Comfort, Shade Trees, Urban Heat Island, Residential Areas, ENVI-met. 
 
 

1. INTRODUCTION  
Urbanization has been increasing during the 

past few decades. According to recent demographic 
statistics from the United Nations, the global 
urbanization rate will reach 66% by 2050 (Bherwani, 
Singh, & Kumar, 2020; United Nations, 2015).  

The urban heat island (UHI) defines surface and 
air temperature differences of up to 8°C between 
cities and surrounding suburban and rural areas. 
The causes of UHI have mainly attributed to four 
aspects of cities: land cover; construction fabric and 
its thermal and radiative attributes; the urban form; 
and the addition of heat energy by humans and 
their activities (Mills et al., 2022). It is the most 
significant and studied urban climatic phenomenon 
due to the fact that effects on thermal comfort 
have been identified. (Cilek et al., 2021; Perini et al., 
2017). Furthermore, heatwaves affect human 
health, affecting psychological responses and 
cardiovascular functions and increasing human 
mortality (Antoniadis et al., 2020).  

For this reason, several mitigation strategies 
have been implemented to reduce the UHI. Aflaki & 
Nuruzzaman mentioned that greenery is an 
effective strategy for mitigating UHI (Wonorahardjo 
et al., 2020). According to Nuruzzaman, (2015), 
green vegetation seems to be the most effective 
measure to encounter the UHI effect among all the 
mitigation strategies. Also, its effectiveness is well 
proven and widely accepted by experts.  

In particular, trees and their cooling 
performance have been investigated in detail 
(Zhang et al., 2020). Numerical models consistently 
show that increased vegetation or tree coverage 
provides a cooling effect, but the extent of cooling 
for a given amount of vegetation varies. Those 
variations occur due to the climatic environment at 
different geographic locations, the size or the type 
of vegetation, and the building layout or wind 
corridor design (Zhao et al., 2018).  

Hami et al., (2019) mention that the cooling 
potential of trees varies according to their 
characteristics: leaf area index, tree height, trunk 
height, crown height, and crown width. 

In recent years high-resolution numerical 
simulation of surface–plant–air interactions as a 
tool to assist in planning decisions has experienced 
increased consideration as a method for estimating 
the environmental performance of urban space and 
the improvements that it will make to the outdoor 
environment (Bruse & Fleer, 1998; Li et al., 2019).  

Based on ENVI-met simulation, this research 
aims to analyze the influence of tree location and 
arrangement on outdoor thermal comfort in the 
Mediterranean urban context. Comparing different 
tree-planting patterns reveals how to maximize 
cooling benefits in the study area and elsewhere 
with similar contexts. 

 

 

2. METHODOLOGY 
The study area is in one residential 

neighbourhood in the city of Ensenada B.C., Mexico 
(31°52′N; 116°37′W). In addition, a land surface 
temperature (LST) distribution from the Landsat 8 
data was utilized to identify the UHI intensity 
(Figure 1).  

 

 
Figure 1: Image of Landsat 8. Acquisition date July 03, 

2019. 
 

According to the Köppen classification, the city's 
climate is Cold semi-arid Mediterranean (BSks). The 
place analyzed was a residential area with 
16,948.63 m² and was characterized by a prototype 
of a minimal house. As shown in Figure 2, the 
methodological framework of the research was: 

 
 

Figure 2. Methodology framework 
 

After selecting the site, the meteorological data 
were obtained on-site to use as input parameters of 
the simulation in the ENVI-met software, obtained 

in monitoring campaigns with Data Loggers, HOBO 
Brand, that record temperature and humidity. 
Subsequently, the vegetation species was 
determined through its characterization to simulate 
the current situation of the site and different 
alternative scenarios, seeking a cooling effect to 
improve external thermal comfort. Finally, the 
ENVI-met output data allowed analyzing the site's 
thermal comfort. The index used to estimate 
thermal comfort was the Equivalent Physiological 
Temperature (PET). 

 
2.1. Fieldwork design and measurement 

An on-site monitoring campaign was performed 
to validate the accuracy of the numerical simulation 
results and obtain meteorological information with 
Data Loggers, that record air temperature and 
relative humidity data. 

Data were collected to be simulated on October 
4, 2020, that day presented high temperatures, low 
wind speed (∼2 m/s), and clear skies. The 
monitored and simulated data (24 h) were used to 
validate the ENVI-met numerical model (Table 1). 

 
Table 1. Tair comparison of monitoring and simulation on 
October 4, 2020 

Air Temperature Measurement Base case (CB) 
Min (°C) 19.9 20.0 
Max (°C)  32.3 32.1 
Media (°C) 25.63 25.6 

 
In other studies with ENVI-met, the root mean 

squared error (RMSE) and mean absolute error 
(MAE) of air temperature were typically around 1–
2°C (Zhao et al., 2018). In the validation of this 
study, the air temperature's mean square error 
(RMSE) and mean absolute error (MAE) were 0.21 
and 0.19, respectively. In this sense, the simulated 
results were accurate concerning monitored data 
(Figure 3). 

 

 
Figure 3. Adjustment of the monitored data and the 

simulator of October 4, 2020 at a pedestrian scale (1.50 
m). 

 

STD: 0.15 
RMSE: 0.21 
MAE: 0.19 
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2.2. Simulation  

The simulation was performed using ENVI-met 
software, a forecasting three-dimensional 
microclimate model designed to simulate complex 
interactions between surface, vegetation, and air in 
the urban environment (Tsoka et al., 2018). In ENVI-
met, the vegetation is treated as a one-dimensional 
column with height-zp and the profile of leaf area 
density (LAD) is used to describe the amount and 
the distribution of leaves (Figure 4). The same 
concept is used inside the soil system: the 
distribution of roots is represented by the root area 
density (RAD) profile stretching from the surface 
down to the root depth –zr (Bruse, 2004). 

  

 
Figure 4. Tree in Albero module of ENVI-met.  

 
The complete domain of the ENVI-met in this 

study area (GRID) was 50 × 50 × 30 m (x, y, z), with a 
vertical and horizontal grid resolution of 1.0 m. The 
research focused on understanding the location and 
distribution impacts of trees. The Cupressus 
Forbessi was the tree species used in the simulation 
scenarios (Table 2). First, a base case (CB) was 
simulated whit the current situation of the study 
area, and then two proposed scenarios were 
created considering vegetation species on the 
sidewalks in front of the properties. 
 
Table 2. Summary of tree information 
Tree 

name 
Scientific 

name 
Leaf  
type 

Crown 
width 

Tree 
height 

Cypress Cupressus 
forbesii Evergreen 3.0 m 3.0 m 

Note: Tree information was obtained from the web 
Gymnosperm Database. 

(https://www.conifers.org/cu/Cupressus_forbesii.php) 
 

As seen in Figure 5, the configuration 1 (C1) 
featured an arrangement of trees at individual 
intervals of 7.0 m with a total of 10 trees; 
Configuration 2 (C2) presented a grouped 
arrangement (1.0 m of the distance between 
trunks) with two trees at 14.0 m of the distance 
between clusters and a total of 20 trees.  

 

 
 
 
 
 

 
 
 
 

Figure 5: A) Simulation scenarios in 2D, B) Simulation 
scenarios in 3D. 

 
3. RESULTS 

Each scenario presented a different 
configuration of shading trees, which modified the 
microclimate of the study area in other aspects, 
such as Relative Humidity, Air Temperature and 
Average Radiant Temperature. 

The Cupressus Forbessi species presented a 
predominant shade throughout the year, being an 
evergreen tree. The Cupressus forbessi species 
showed the ideal characteristics, such as foliage 
density and adequate dimensions for the study 
area. Regarding the PET, the C2 scenario was 
affected in most of the schedules when using 
groupings of two trees with the superimposed 
crown, since instead of decreasing the °C values, 
they increased them. This effect was attributed to 
wind obstruction and decreased speed m/s (Figure 
6). 

CB 

C1 C2 

A) 

B) 

(10 TREES) (20 TREES) 

(NO TREES) 

 

 

 
Figure 6: Comparison of means of the PET index 

 
       Compared to the CB, at 15:00 (an hour with the 
highest PET °C), all scenarios decreased in °C. In 
scenario C1 the reduction was 13.49 °C; in C2, the 
drop was 0.7 °C. On the other hand, at 06:00 (the 
hour with the lowest PET °C), the °C remained in the 
same conditions as the CB (14.00 °C); Scenario C2 
presented an increase of 0.23 °C (Table 3).  

 
Table 3: PET hourly analysis 

Date Time CB  
(° C) 

C1  
(° C) 

C2 
(° C) 

04.10.2020 01:00  16.0 16.0 16.2 
04.10.2020 02:00  15.6 15.4 15.6 
04.10.2020 03:00  15.6 15.4 15.6 
04.10.2020 04:00  14.6 14.6 14.8 
04.10.2020 05:00  14.2 14.2 14.4 
04.10.2020 06:00  14.0 14.0 14.2 
04.10.2020 07:00  27.0 26.6 25.4 
04.10.2020 08:00  21.8 21.6 34.0 
04.10.2020 09:00  25.2 25.2 38.8 
04.10.2020 10:00  29.4 29.2 41.5 
04.10.2020 11:00  33.4 33.3 44.8 
04.10.2020 12:00  35.4 35.3 46.7 
04.10.2020 13:00  36.1 36.0 48.0 
04.10.2020 14:00  35.7 35.6 48.4 
04.10.2020 15:00  46.1 32.7 45.4 
04.10.2020 16:00  40.1 39.9 39.5 
04.10.2020 17:00  24.0 23.8 24.0 
04.10.2020 18:00  22.6 22.6 22.8 
04.10.2020 19:00  20.2 20.2 20.4 
04.10.2020 20:00  19.2 19.0 19.4 
04.10.2020 21:00  19.2 19.2 19.6 
04.10.2020 22:00  18.6 18.4 18.8 
04.10.2020 23:00  18.6 18.6 19.0 

 
The CB scenario served to diagnose the current 

situation of the study area and determine the 
values used as study constants, that is, the urban 
geometry, material surfaces, the characteristics of 
the vegetation species, and the climatic conditions. 

 
Figure 7. PET hourly on October 4, 2020. 

 
Observing Figure 8 and Figure 9, it is notable 

that the areas with the highest temperature in the 
study area were located to the North. The C1 (with 
10 trees) is considered the best scenario since it 
presented the most significant decrease in °C during 
the warmest hour. Furthermore, it reduced or 
remained in the same conditions as the CB. The 
equality of conditions between scenarios was 
presented from 04:00 a.m. to 06:00 a.m. and at 
11:00 p.m.  

It is possible to observe temperature differences 
both in its minimum and maximum, observed 
mainly in the vegetation area, influenced by the 
shading effect. 

Scenario C2 (with 20 trees) shows a 
predominance in the increase in temperature, 
specifically at 01:00, for the time interval of 04:00 - 
06:00, from 08:00 - 14:00, and from 18:00 - 23:00. 
The temperature was maintained with values equal 
to CB, from 02:00 - 03:00 and at 17:00. The 
reduction was presented at 07:00 and from 15:00 - 
16:00, particularly at 15:00 (critical hour of the CB) 
such reduction was 0.70 °C. At 06:00. there was a 
minimum value of 13.60 °C and a maximum of 
16.37 °C, while at 15:00 the minimum value was 
31.87 °C and the maximum was 54.20 °C. 

 Matzarakis & Mayer, (1996), introduced PET 
assessment classes to facilitate further 
interpretation of PET results. However, it is only 
valid for the assumed values of internal heat 
production (80 W) and thermal resistance of the 
clothing (0.9). 

According to this classification, in scenario C1 on 
October 4, 2020, it was perceived at 06:00 a degree 
of psychological stress called slight cold stress, 
while moderate heat stress was perceived at 15:00  

In scenario C2, on October 4, 2020, it was 
perceived at 06:00 a degree of psychological stress 
called Slight cold stress, while extreme heat stress 
was perceived at 15:00. 
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Figure 8: Map of October 04, 2020, to visualize the PET 
index at 15:00  in scenario CB, C1 and C2 at 1.50 m, 

simulated in ENVI-met. 

 

 

 
Figure 9. Map of October 04, 2020, to visualize the PET 

index at 06:00 in scenario CB, C1 and C2 at 1.50 m, 
simulated in ENVI-met. 

 
4. CONCLUSION 

Each city has a different climate and problems. 
The microclimatic alterations that urbanization 
causes affect the interior spaces of buildings and 
impact the thermal comfort of open spaces. 
Therefore, it is necessary to consider the vegetation 
species that will be used. It is also essential to 
define the optimal arrangement of green 
infrastructures in the urban environment to choose 
a positively adapted model to the needs.  

A) 
CB 

B) 
C1 

C) 
C2 

A) 
CB 

B) 
C1 

C) 
C2 

 

This work explores the layout design of planting 
patterns and compares different locations. The 
number of trees reveals that using individual tree 
arrangements improves the cooling benefits and 
thermal comfort. The best results were obtained for 
arranging a tree (3.0 m crown and 3.0 m tall), such 
as Cupressus Forbessi, at 7.0 m distance from each 
other. 

The simulation models of the present study 
demonstrated that tree locations and arrangements 
could modify outdoor microclimates and human 
thermal comfort. The research results reaffirm the 
quote by  Santamouris et al., (2018) ''The right tree, 
in the right place'', since depending on the 
configuration, the mitigation effectiveness of °C 
varies. 

It is essential to mention that similar studies 
should be carried out using various building designs 
in different seasons. The recommendations for the 
location and arrangement of trees in the residential 
area may not be effective in another climatic zone, 
just like other trees with different types of leaves, 
tree height, leaf area index (LAI), and crown size 
may recommend different results from this 
investigation. 
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ABSTRACT: This paper presents the measure, calibration and simulation strategy that will be used in a Spanish 
research project for fostering new material customized to Madrid sustainable goals. In particular, a very 
preliminary simulation result of an ad-hoc developed Building Performance Simulation tool is presented. It 
enables to appropriately simulate the effect of thermochromic hysteretic behaviour and its influence on energy 
use in buildings of an envelope with a commercial thermochromic coating in a simple test room space in Madrid. 
The general strategy will be used to evaluate mutual relations amongst relevant urban factors (microclimate, 
materials, typologies…) building energy performance, and outdoor thermal comfort with the crafting of a 
rationalized Grasshopper based digital workflow. The project will be performed in the thermally vulnerable areas 
of Madrid, which is an adequate city to analyse the problem of the Urban Heat Island, given its size and its 
Mediterranean climate with significant energy demands for heating in winter and for cooling in summer. 
KEYWORDS: Parametric Design, Environmental Simulation Tools, Chromogenic Smart Materials, UHI. 
 
 

1. INTRODUCTION  
The world’s population that lives in urban areas 

is expected to increase to 68% by 2050. [1]. 
Buildings are referred to as the sector needing 
solutions for a low-carbon future as they account 
for 36% of global final energy consumption and 39% 
of carbon dioxide emissions [2]. Moreover, the built 
environment is highly responsible for the 
development of the Urban Heat Island (UHI) 
phenomenon associated with global and local 
climate change which in turns have serious impact 
on the energy consumption of buildings and 
increase of atmospheric pollutants, negatively 
impacting health [3]. It is therefore of primary 
importance to concentrate studies on the design of 
the microclimate and the interactions between it 
and the urban materials [4], [5]. In this sense, there 
is a gap in the knowledge and research referred to: 
a) the characterization of urban materials in and 
their thermo-optical (TO) performance that mainly 
define their impact on urban environment; b) the 
monitoring of environmental parameters that affect 
liveability in public spaces and energy demand; c) 
the adequate tools to correctly simulate these 
interrelations, in Europe and especially in Spain. 
 
1.1 mateMad Concept 

Within this framework, the recent approved 
Spanish research coordinated project, mateMad, is 
based on the hypothesis that optimized materials, 
like chromogenic smart materials for urban surfaces 

can provide efficient solutions to the UHI effect.  
The project will be performed in thermally 
vulnerable areas of Madrid, which is an adequate 
city to analyse the problem of the UHI due to its size 
and its Mediterranean climate with significant 
energy demands for heating in winter and for 
cooling in summer. 

The project addresses via a multidisciplinary 
approach combining the activities performed under 
three subprojects (Fig. 1): - Subproject 1 (SP1). 
Characterization of urban materials in multiple 
dimensions, the thermo-optical performance that 
mainly define their impact on urban environment 
and citizens’ well-being. This approach is necessary 
to identify those materials potentially suitable to be 
considered in the optimization and to obtain 
reliable results from the simulations by the digital 
model of the cities. - Subproject 2 (SP2). Monitoring 
of environmental parameters that affect liveability 
in public spaces and energy demand, as well as the 
citizens’ response to urban materials stimuli. This 
approach is necessary for the validation of the 
digital model of the city. - Subproject 3 (SP3), 
named URBAN therCOM, subject of this work. 
Modelling outdoor thermal comfort and energy 
demand in urban areas with a comprehensive 
digital workflow that implements mutual 
relationships amongst these two aspects and 
relevant urban factors, such as microclimate, 
materials and typologies. This approach is necessary 
to test and quantify the effect of substitution of 

 

urban materials on the liveability and sustainability 
of the cities in a digital environment. 
 
Figure 1:  
The multidisciplinary approach of the mateMad project 
strategy. 

 
This paper presents the measure, calibration 

and simulation strategy that is used for fostering 
new material customized to Madrid sustainable 
goals. The strategy will be used to evaluate mutual 
relations amongst relevant urban factors, 
microclimate and materials customization in light of 
building energy performance, and outdoor thermal 
comfort. A Grasshopper (GH) [6] based digital 
workflow is used to complete the digital twin 
among areas of Madrid and simulation. In 
particular, the methodology adopted for the 
simulation approach and an ad-hoc developed BPS 
tool which enables to appropriately simulate the 
effect of thermochromics materials (TC) hysteretic 
behaviour and its influence on energy use in 
buildings is described. This is followed by a 
description of a demonstration case study, a simple 
test room space in Madrid. Finally, the main results 
are presented in the perspective of extending the 
developed BPS tool to be more generally applicable 
also to other facade technologies and to be more 
seamlessly integrated into the design process.   
 
2. BACKGROUND 

One of the main goals for the energy design of 
buildings is to adapt to the climatic conditions, 
reducing heat losses and attenuating thermal 
oscillations between outdoors and indoors [7]. The 
façade is considered the primary element that 
thermally connects the external and internal 
environments. Urban overheating is mainly caused 
by building materials that over-absorb heat. A 
mitigation strategy is to pay attention to the 
thermally absorbing urban materials and replace 
them with those featuring a greater rejection of 
sunlight radiation (shortwave) [8]. Reflective 
materials developed to decrease the surface 
temperature, contribute to minimising decrease 
their cooling demand [9]. 

 

2.1 Thermocromic materials (TC) 
Most of the current research to reduce UHI is 

related to “cool” materials applied to horizontal 
surfaces characterized by a high solar reflectance to 
reduce solar energy absorbed [10], [11]. 
Consequently, there has been growing interest 
coatings such as chromogenic smart materials with 
a variable optical response to different seasons 
[12], adapting to climates with extreme summer 
and in winter temperatures.  

In this context, thermochromic coating have 
been considered by many researchers as significant 
factors in determining surface and air temperatures 
in urban canyons by exploiting materials intrinsic 
good thermal-optic properties. [13]. The current 
state of the art of thermochromic materials has 
been summarized by [12] with specific attention to 
the possible application in the building sector.  

Thermochromism is the feature of a functional 
material to vary reversibly its optical properties as a 
response to a temperature variation. When using 
TC materials in buildings as a passive system, their 
performance is highly dependent on the interaction 
between the material and the climatic conditions, 
allowing to achieve a passive smart envelope able 
to control solar gains. 

Most of TC materials presents a hysteretic 
behaviour between the heating and cooling phase, 
meaning that the relationship between the variable 
optical properties and the temperature will follow a 
different path if the material is heated up or cooled 
down. The energy (activation energy) required to 
reverse the thermochromic phenomenon allowing a 
homogenous nucleation of the thermochromic 
transition determines the width of the hysteresis 
[14]. 

 
2.3 Simulation gap 

In the energy simulation of buildings there has 
been little focus on the influence of the building 
envelope on the exterior and interior environment; 
simulation tools have usually dealt either with 
building or with outdoor simulation separately, 
mainly due to the limited ability of the current 
Building Performance Simulation tools (BPS) to 
evaluate these interrelationships. Determining the 
urban outdoor comfort characterized by different 
surface conformations such as the potential energy 
saving of thermochromic coatings when applied to 
building envelopes is still a challenge given the 
complexity of external spatial and temporal thermal 
fluxes. Just a few procedures have been adopted to 
simulate the dynamic behavior of thermochromic 
paints [15] [16]. Jianying and Xiong [17] modelled 
the dynamic optical properties of thermochromic 
paints using the Energy Management System (EMS) 
in EnergyPlus [18], so it changed accordingly to the 
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surface temperature. For these reasons, it is 
necessary to create ad-hoc measures and 
customized simulation workflows to evaluate the 
influence of their impacts on outdoor and indoor. 
Such customized simulation tool workflows can help 
to achieve the target of Climate-neutral Cities with 
improved liveability and sustainability. 
 
3. MEASURE, CALIBRATION AND SIMULATION 
STRATEGY  

The mateMAD project strategy encompasses 
five steps as shown in the working plan scheme (Fig. 
2). 
 
Figure 2:  
A schematic overview of strategy of the mateMad project. 

 
The first step describes a procedure to select the 

urban areas where a greater impact is expected 
from the application of the project's hypotheses. 
The objective is the assessment of vulnerability 
within the city, on those aspects related to Climate 
Change, discomfort (such as overheating during the 
summer) and energy inefficiency of buildings and 
the urban fabric. Three scales of analysis are 
proposed for the identification of areas of specific 
interest: • Cityscale: to find the most vulnerable 
areas and their distribution within the city. • 
Neighbourhood scale: to assess the morphology, 
comfort conditions and materials. • Public space 
scale: the information generated in the previous 
step will allow the selection of at least two singular 
urban elements in a situation of thermal stress 
which will be analysed in detail as case studies. 

The second step will be a detailed thermo-
optical (TO) characterization of a wide range of 
surface urban materials. In the first stage, the 

experimental characterization will be performed in-
situ for the vegetation and materials currently in 
use in pavements and façades. A second stage will 
address the empirical TO characterization of a wide 
set of commercial and innovative materials, 
including TC, for urban applications. The results of 
this step will provide input to the map of urban 
materials, to the validation of the developed 
simulation workflow and to the evaluation and 
proposal for the substitution of surface urban 
materials defined in the last step.  

In the third step monitoring at four levels will be 
performed: neighbourhood, case study areas, 
outdoor tests, and citizens. The monitoring 
objectives at these four scales are different but 
interconnected. The information will be collected 
and analysed using different techniques: sensors 
and monitoring equipment (air temperature, 
relative humidity, solar radiation, air velocity, globe 
temperature, noise, illuminance, and air quality); 
electroencephalography and eye-tracking (for 
emotion detection) and citizens’ surveys (for 
comfort evaluation and to promote citizen 
participation and awareness).  

The aim of the fourth step is to provide a 
strategy and tools to evaluate mutual relations 
amongst relevant urban factors (microclimate, 
materials, typologies…), building energy 
performance and outdoor thermal comfort using 
existing evaluation tools in a single digital workflow. 
A series of existing and customised plugins, most of 
which are already in use and open source, will be 
integrated into a multi-parametric workflow based 
on a visual programming tool. Then, validation tests 
will be developed using simulated and experimental 
data. 

The final step will prepare a complete and 
justified proposal for the substitution of surface 
materials in the case studies. This proposal will be 
based on the results of characterization of 
materials, as well as on the monitoring and 
modelling of urban areas obtained from previous 
steps. However, to achieve a reliable and useful 
proposal the assessment of the environmental 
impact of the materials along their life cycle will 
allow quantifying the environmental impacts for the 
selected materials and scenarios.  
 
3.1 Simulation approach and workflow 

The overview of the Grasshopper [6] based 
digital workflow used to digitally twin areas of 
Madrid and simulation is shown in (Fig. 3), where 
the connections amongst the different tools are 
highlighted. GH is a tool that allows the parametric 
management of geometrical information through 
Rhinoceros [19] providing a graphical user interface 
to scripting and Python programming language [20]. 

 

In this way the designer / modeller develops urban 
virtual model, interlinking various domains. The first 
step of the proposed simulation workflow will 
consist in creating an appropriate geometric 
representation of the urban area that will be 
investigated. This will be used for the determination 
of building energy demand as well as for simulating 
building surface temperatures. 
 
Figure 3:  
A schematic overview of simulation approach and 
workflow in GH of the URBAN therCOM (SP3) project. 

 
The workflow relies on several plug-ins to allow 

the simulation of indoor and outdoor thermal field. 
Dragonfly [21] runs the Urban Weather Generator 
(UWG) tool [22], which estimates the hourly air 
temperature and relative humidity in the urban 
canopy starting from an existing weather file and 
generates a morphed weather file in the “.epw” 
format, compatible with many Building Energy 
Simulation tools [23]. On the other hand, Honeybee 
and Ladybug [24] take into account the interaction 
of the envelope with both the indoor and outdoor 
spaces: they calculate the energy demand for space 
heating and cooling based on the EnergyPlus [18] 
and Radiance [25] engine, also assessing the 
outdoor mean radiant temperature. Eventually, the 
workflow assesses the thermal comfort perceived 
by pedestrians through suitable metrics, i.e. the 
Mean Radiant Temperature (MRT) and the 
Universal Thermal Climate Index (UTCI). The main 
focus here is on urban-building shortwave heat 
exchanges reducing the current shortcomings in the 
evaluation of outdoor thermal comfort. Hence, a 
suitable comfort model will be addressing climatic 
conditions, urban environment, and physical 
characteristics. The second part will be to provide a 
unified approach for the real-time evaluation of the 
outdoor performance of tested materials evaluated 
in the project. This will include onsite physical 
characterization of factors affecting the wide range 

of transient performance as well as the inputting of 
measures data into the model. 

The performance of the TC material and the 
influence of the hysteresis width on this 
performance are evaluated by means of a virtual 
experiment, simulating a reference office room, in 
which the TC envelope are integrated measuring 
the whole year´s performance relative to different 
domains of interest. The virtual building models in 
each physical domain are generated through an 
integrated approach by means of two add-ons 
HoneyBee and LadyBug [24]. In the case of the TC 
first, several simulations are run in Radiance to 
represent all possible effects of TC states on the 
visual domain. Look-up tables are generated 
automatically and fed into the thermal model of 
EnergyPlus [18], which combines the history-
independent visual results according to the 
simulated temperatures. The control and set-up of 
the thermo-optical proprieties of the TC were 
carried out parametrically by the integration of the 
Energy Management System (EMS) of Energy Plus in 
HoneyBee (through Grasshopper). 

The presented timestep-by-timestep simulation 
approach allows the variation of the thermo-optical 
properties of the TC material within the simulation 
runtime itself, which in turn implies precisely 
considering the thermal inertia of the building and 
its effects on the energy demands for heating and 
cooling.  
 
4. RESULTS 
4.1 Case study 

As an example, a first approximation to the 
simulation environment is presented here.  The 
variation of (a) hysteresis width and (b) transition 
temperature in a simple test room space in Madrid, 
whose location is characterized by semi-arid 
climatic conditions (Koppen-Geiger coefficient: Csa) 
with mild cool winters and hot summers, was 
considered as a case study. An enclosed office 3.6 m 
wide, 4.5 m deep and 2.7 m high was assumed as a 
case study. On one of the short walls, south 
oriented, is located a window 2.26 m wide and 1.5 
m high, for a Window-to-Wall Ratio (WWR) of 35%. 
The case study was assumed to be part of an office 
block, flanked by two identical offices on two sides 
on the same floor and on the floor immediately 
above and below with the same thermal conditions 
on the third side on the same floor. All the 
horizontal and vertical internal partitions were 
therefore considered as adiabatic. The external 
opaque envelope has been modelled considering 
design values that meet the minimum construction 
and operational requirements regulated by the 
Spanish normative for the year 2006 [26]. The 
design data are shown in Table 1.  
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Table 1:  
Design data of the building envelope. The limit values of 
the overall heat transfer coefficient of the building 
envelopes for 2006 normative requirements. 
 

Constructive elements Ulimit 2006 W/m2K)  
Roof 0.38 

Exterior wall 0.66 
Ground floor 0.66 
Partition wall 0.66 

U window 1.43 
g window 0.61 

Window frame 2.20 
 

To simulate the numerical model of TC coating, a 
commercial one with the following characteristics is 
used: τvis range between 0.68 and 0.06 (cold and 
hot state respectively); τsol range between 0.62 and 
0.23 (cold and hot state respectively); transition 
temperature ranges between 26 °C and 71 °C; 
hysteresis width equal to 5 °C 

 
4.2 Annual Thermal Needs 
The paper shows some preliminary results on the 
annual thermal needs for heating and cooling for 
the simple test room space with and without TC 
coating in the envelope facing the south. To assess 
the energy performance of the building models, one 
TMY provided by the climatic database of the 
Energy Plus website [22] has been used. 
 
Figure 4:  
Annual results of energy demand relative to the case 
study with and without TC coating for the hysteresis width 
considered. 

 
(Fig. 4) represents the thermal needs obtained 

for the case study with and without the TC coating, 
showing that the heating needs are much higher 
than the cooling needs. This is due to the climatic 
conditions of Madrid and the higher number of 
months of the heating period (9 months) in 
comparison with the cooling period (3 months). The 
application of the proposed TC coating on the 
south-oriented wall increased the heating demand 
by 3.1% while the cooling demand has been 
reduced by 12.7%. It is interesting to notice that TC 
hysteresis effect on the energy performance is 
negligible. There is a clear need for future works to 
test different TC technologies in different 
orientations and types of envelopes. 

With this preliminary approach it was possible 
to test that the modelling strategy used reproduces 
the effect due to the use of the TC material. This 
last aspect represents a strength of the proposed 
integrated simulation approach, as a 
comprehensive evaluation of the performance of 
such material was not possible by means of 
currently available BPS tools, if not by introducing 
some simplifications in the analysis, with a 
consequent higher degree of inaccuracy in the final 
outcomes. Finally, the implementation in 
Grasshopper (GH) of this simulation strategy allows 
a high flexibility for its application. The only 
requirement is that of specifying the numerical 
model describing the behaviour of the adaptive 
component, which allows simulating both control 
strategies for active components and the intrinsic 
behaviour of passive adaptive component. 

 
5. CONCLUSION 

It is clear that urban surfaces have strong 
influence on the quality of the outdoor 
environment, the energy demand and the well-
being of citizens and that thermo-optical properties 
are the key factors to define and control this 
influence. However, there is a gap in the knowledge 
and research referred to these topics in Europe and 
especially in Spain. The present work aims to 
advance to fill this gap, presenting a strategy 
adopted in the mateMAD project to optimize urban 
materials and validating their viability via 
experimental research, monitoring and simulation. 
As shown in this paper, the use of Parametric 
Design tools is a valid strategy for exploring 
solutions to environmental performance analysis of 
building integrating new kind of adaptive material 
in the envelope. The application of the proposed 
integrated simulation methodology to the case of 
an envelope with TC coating is therefore aimed at 
showing its possibilities and advantages, compared 
to currently available BPS tools. Specifically, the use 
of such methodology enabled: i) the correct 
modelling of peculiar material aspects, such as 
temperature dependency of optical properties and 
hysteresis; ii) the implementation of this model into 
the ad-hoc developed multi-physics simulation 
strategy for adaptive materials. 

Although the methodology was tested for one 
specific case study, a similar approach can be used 
to investigate the variation of different design 
parameters (i.e. building orientation, building 
geometry, window-to-wall ratio, the thermal 
resistance of the external envelope, etc.), by means 
of the parametric user interface developed.  

The preliminary results of this paper are used to 
test the simulation strategy of TC materials and are 
presented in the perspective of extending the 

 

developed BPS tool to be more generally applicable 
also to other façade technologies and to be more 
seamlessly integrated into the design process.   

Future work and further investigation are 
needed to test and validate the strategy and the 
general digital workflow with real cases studies of 
Madrid through the information that will be 
acquired throughout the duration of the mateMad 
project. The comprehensive simulation workflow 
will depend on the performance of each component 
and the interaction between these components in 
the entire façade system and how the façade 
interacts with the internal/external environment 
creating specific outdoor microclimates. 

This kind of strategy will be useful for planners 
and designers and will be support for assisting the 
public policymakers and regulators in decision 
taking processes. 
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ABSTRACT: Modification of urban surfaces changes the microclimatic conditions of the cities. Besides, the 
mechanical performance properties of asphalt binders and mixtures can be enhanced by utilizing several 
modifiers, including Crumb Rubber (CR) and gilsonite. However, it is not known whether the addition of rubber 
can reduce heat storage on the pavements and eventually contribute to the mitigation of the Urban Heat 
Islands. Thus, this paper aims to compare the variation of surface and subsurface temperature between asphalt 
pavement with and without rubber incorporation. This research then consists of an experimental work and was 
divided into three main stages: characterization of the study object, collection of surface and subsurface 
temperature data and, finally, a comparative analysis between temperature data of two different types of 
pavements. Analysing both models, with and without rubber incorporation in the asphalt mixture, it was possible 
to notice that the conventional pavement presented the highest surface temperatures during the day. However, 
the greatest variation can be observed between subsurface temperatures, with a difference of approximately 2K. 
So, a hypothesis is that there is greater capacity of rubber pavement to store heat in the subsurface layers and 
potentially reduce the impact on the temperature of cities during the day. 
KEYWORDS: Thermal Performance, Rubber, Pavement, Urban Heat Island 

 
1. INTRODUCTION 

The modification of urban surfaces changes the 
thermal comfort conditions of the cities, the energy 
performance of buildings and, consequently, has 
implications for human health. 

In this context, the thermophysical properties of the 
surface and elements are important for heat retention 
of urban tissue and can be considered strategic 
instruments in the control of the microclimate of cities 
[1]. 

The application of cool surface materials can reduce 
the temperature of cities by 2 or 3°C according to the 
Global Cool Cities Alliance [2]. Even environmental 
certification systems, such as LEED, have incorporated 
the solar reflectance of materials as a scoring criterion 
[3]. 

Moreover, the adoption of such initiatives has been 
seen as a strategy to increase environmental quality 
and reduce impacts on microclimate from interventions 
in the urban environment [4]. 

In addition, to understand and analyze 
thermodynamic behavior of cool pavements, in various 
urban realities, it is essential that new strategies be 

adopted and incorporated into urban design to reduce 
the effects of Urban Heat Islands (UHI) [5]. 

Raising the albedo of sidewalks can reduce surface 
temperature, favoring comfort conditions for 
pedestrians [6]. 

In arid environments, cool sidewalks promoted a 
25% reduction in air temperature in low-density urban 
areas, contributing in improving comfort condition and 
energy demand for cooling [7]. 

 However, by disregarding shading elements and 
vegetation, it can increase the thermal load of urban 
canyon facades [8] [9]. 

Furthermore, the modification of pavement thermal 
properties and materials plays an important role in 
strategies to improve urban thermal conditions, such as 
the increase of thermal conductivity, emissivity, 
thermal capacity of paved roads [5,9]. 

An alternative would be the incorporation of rubber 
into pavements, as using rubber asphalt can improve 
the mechanical performance of asphalt mixture [10]. 

Besides, the mechanical performance properties of 
asphalt binders and mixtures can be enhanced by 
utilizing several modifiers, including Crumb Rubber (CR) 
and gilsonite [11].  

 

 

However, it is not known whether the addition of 
rubber can reduce heat storage on the pavements and 
eventually contribute to the mitigation of the Urban 
Heat Islands. 

Thus, this paper aims to compare the variation of 
surface and subsurface temperature between asphalt 
pavement with and without rubber incorporation. 

 
2. MATERIALS AND METHOD 

The research consists of an experimental work and 
is divided into three main stages: 

▪ Characterization of pavement materials; 
▪ Characterization of the study object; 
▪ Collection of solar reflectance; 
▪ Collection of surface and subsurface 

temperature data; 
▪ Comparative analysis between the 

temperature data of two different types of 
pavements, with and without rubber 
incorporation. 

First, two asphalt pavement plates were 
constructed, with an area of 1m², one of them with the 
incorporation of tire rubber. The layers of the floor 
were distributed as follows: 3cm of coating, 17cm of 
granular base and 18cm of sub-bed, all properly 
compacted. Figure 1 shows the study model. 

 
Figure 1:  
Plates of study model and experimental site. 

To carry out the construction and compaction of the 
prototypes, the technical standards listed in Table 1 
were used. 
 
Table 1:  
Technical standards related to the execution process of each 
pavement layer 

Layers Description 
a) Asphalt concrete surfacing, (CBUQ) 

Track C / Cold asphalt concrete 
surfacing with rubber polymers 

DNIT 031/2006 ES 

b) Bituminous Binding Priming 
 
DER/SP ET-DE-
P00/020 

c) Bituminous waterproofing primer 
DER/SP ET-DE- 
P00/019 

d) BGS base, band C, CBR ≥ 100% and 
exp.  0,3% 

DER/SP ET-DE-
P00/008 

e) Existing subgrade, scarified and 
compacted, CBR ≥ 8 %, exp.  0,2% 

 
DER/SP ET-DE-
P00/001 
 

f) Subsurface and deep drains 
DER/SP ET-DE-
H00/014 

 
Then, the solar reflectance of the pavements was 

collected with an ALTA II portable spectrometer, 
according to ASTM C1549-16 [12]. Finally, 10 sensors 
(thermocouple DS18b20, accuracy 0,5K) were 
installed at three points on the surface of each model, a 
sensor in the base layer, located inside the floor and a 
sensor positioned at 10 cm high to collect the air 
temperature near the surface, as shown in Figure 2. 
 
Figure 2:  
Thermocouple positioning on the pavements 
 

 

 
In addition, 2 HOBO Pro-V2 sensors were 

simultaneously installed to collect temperature and 
humidity data, in addition an anemometer (three cups 
with 75mm of diameter and 0,2m/s accuracy) for the 
microclimatic characterization of the study site. 

 
3. RESULTS 

The results are presented in three main sections: 
▪ Pavement albedos; 
▪ Temperature gradient (Subsurface, surface and 

air) of both pavements; 
▪ Comparative analysis between the pavements 

temperature with and without rubber 
incorporation. 

 
3.1 Pavement albedo 

Albedo may explain some of the pavement's 
temperature variation behavior, since it is an optical 
property related to the ability to reflect incident solar 
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radiation. In this research, the pavements without and 
with rubber incorporation were measured, and 
presented, respectively, an albedo of 0.92 and 0.94.  

In addition, for an analysis of the material in the 
visible and near infrared spectrum, the spectral 
reflectance data are presented in Figure 3. 
 
Figure 3:  
Spectral reflectance of the samples (ρ) with rubber 
incorporation (PAVB) and without incorporation (PAVA). 

 
The spectral reflectance of the pavement without 

rubber is higher in both the visible and near infrared 
ranges.  

However, the results represent a non-significant 
variation, considering the equipment error of ±10% 
[13]. 

Thus, in this work, the albedo was not the most 
significant property in reducing the model 
temperatures. 
 
3.2 Temperature gradient between pavement layers 

For the analysis of the temperature variation 
between layers, we considered: a subsurface layer (Tss) 
and two layers above the surface (Ts, Ta). 

Figure 4 and Figure 5 show the average hourly 
temperatures, respectively, for the conventional 
pavement and for the pavement with rubber in the 
overlay. 

 
Figure 4:  
Average temperature of conventional pavement 

 
 

Figure 5:  
Average temperature of pavements with rubber incorporation 

 
When evaluating the temperature variation in 

periods of the day, that is, the early morning, the 
afternoon and the early evening, it is noted that the 
inflection points occur at different times. 

The conventional pavement and the one with 
rubber incorporation presented their maximum 
temperatures (Ta) at 11:00 a.m. and 2:00 p.m., 
respectively. 

In addition, it is noted that the maximum surface 
temperature was recorded at the same time. However, 
the subsurface temperature of the pavement with 
rubber showed a greater temperature range (9.29˚C) 
compared to the conventional one (7.10˚C), indicating a 
greater capacity to store heat during the day. 

 
3.3 Average temperature differences between 
pavements 

The surface and subsurface temperature data of the 
conventional pavement (PAVA) and the one with 
rubber incorporation (PAVB), as well as the air 
temperature near the surface are presented in Figure 6. 
 
Figure 6:  
Average surface and subsurface temperature of conventional 
pavement (PAVA) and with rubber incorporation (PAVB) 
during the day and at night. 
 

 
The temperatures between the layers tend to vary 

through the losses that have occurred by heat 
conduction. Floors that have low thermal conductivity 
heat the surface but do not transfer heat in other layers 

 

 

of the floor instantly compared to a high conductivity 
floor [5].  

Figure 7 shows the average temperatures for the 
period. 

 
Figure 7:  
Averages temperatures of the period 

 
The daily average of the pavement layers does not 

present significant differences. Therefore, there is a 
need to analyze the behavior of the layers at different 
times of the day.  

Therefore, the variation of surface temperature (Ts), 
subsurface temperature (Tss) and air temperature (Ta) 
between the conventional pavement and the one with 
rubber incorporation over 24 hours is presented in 
Figure 8. 
 
Figure 8:  
Temperatures variation between conventional pavement 
(PAVA) and with rubber incorporation (PAVB) for 24 hours. 
 

 
The surface temperature of the rubber pavement 

was lower than the conventional pavement between 
9am and 5pm (with a turning point at 2pm).  

Consequently, between 10 AM and 7 PM, the 
rubber pavement had higher subsurface temperatures 
than the conventional pavement.  

Finally, air temperature (Ta) was higher over the 
rubber pavement only between 12pm and 3pm. And in 
the rest of the time, it presented lower records, in 
relation to the conventional pavement. 

4. CONCLUSION 
Analysing both models, with and without tire rubber 

incorporation in the asphalt mixture, it was possible to 
notice that the conventional pavement presented the 
highest surface temperatures during the day. 

However, the greatest variation can be observed 
between subsurface temperatures. The difference 
between the models was approximately 2K.  

In addition, the subsurface layer of the rubber 
pavement had a higher heat storage capacity, which did 
not necessarily lead to a higher air temperature at 
night. This is due to the fact that it dissipates heat by 
conduction to the ground. 

So, a hypothesis is that there is greater capacity of 
rubber pavement to store heat in the subsurface layers 
and potentially reduce the impact on the temperature 
of cities during the day. 

Finally, it could be observed that the pavement with 
rubber incorporation presented lower surface 
temperatures during the day, due to its low thermal 
conductivity. However, a greater amplitude ends in the 
base layer, which allowed heat to be stored and 
dissipated to the ground during the night.  

It is also recommended for future studies the 
measurement of heat flux between the layers of the 
pavement and an approach about the ageing process. 
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ABSTRACT:  This study aims to evaluate thermal improvement generated by different species planted linearly on 
sidewalks and cycle paths in Goiania - Go. It was carried out at two different areas of the cycle path at 
Universitaria Ave.: one with Palm trees by specie Guariroba (Syagrus oleracea (Mart.) Becc) and the other with 
trees by species Sibipiruna (Cenostigma pluviosum (DC) E. Gagmon & GP, Lewis) and Monguba (Pachira aquatica 
Aubl). Data collected were air temperature, relative humidity, globe temperature and wind speed during four 
sunny days at 8:00 am, 10:00 am, 12:00 pm, 2:00 pm, and 4:00 pm. Outdoor Thermal Comfort Index as PET and 
UTCI were calculated by Rayman software. It collected 148 questionaries surveys about thermal sensations. 
Results showed that the area with Sibipirunas trees brings more thermal comfort than Guariroba palm for 
cyclists. Thermal reduction in terms of PET was 11°c and UTCI was 8.5°c. Monbuba present can air humidify until 
7.45%. It is concluded that tree distribution in cities is important for microclimate improvement. Morphological 
characteristics of trees and distribution of trees need to be observed during afforestation focused on the 
sustainable urban landscape. 
KEYWORDS: forestry, outdoor thermal comfort, cycle path, Tropical Savanna Climate (Goiânia). 
 
 

1. INTRODUCTION  
It is necessary to re-establish healthy 

relationships between society and the natural 
environment through urban afforestation to 
promote a better quality of life, well-being, 
psychological and physical health. The benefits of 
vegetation to improve thermal comfort in tropical 
cities (hot climate) at the scale of urban design are 
attenuation of direct solar radiation, air 
temperature mitigation, increased air, and soil 
moisture, control of wind speed and direction, 
increase of fauna and flora biodiversity, soil 
stabilization and maintenance of precipitation 
cycles [1].  

The work of thermoregulation of thermal 
comfort by plant specimens occurs due to the 
control of wind speed by the structure of the crown 
and stem, the attenuation of radiation by the tree 
crown and the evapotranspiration process [1, 2]. 
This occurs when excess water vapor is expelled by 
the stomata of plant leaves, which open and close, 
allowing the exchange of gases with the 
environment and thermoregulation temperatures. 
Several studies point to the benefits of road 
afforestation concerning the reduction of urban 
heat islands and the improvement of thermal 
comfort provided by plant specimens on sidewalks 
[2,3,4]  

To encourage the use of bicycles as a means of 
transport in the city of Goiania, especially at a time 

when public transport is a worrying issue in terms 
of health due to the COVID-19 pandemic, cycle 
paths must promote adequate thermal comfort for 
the development of the activity. As the different 
plant specimens work in different ways in the 
environment, it is important to assess the thermal 
comfort provided by the shade of plant specimens 
(palm trees and trees) to pedestrians and cyclists in 
cities with a tropical savanna climate such as 
Goiania, Brazil.  

This study aims to quantitatively evaluate the 
thermal improvement generated by three plant 
specimens of different species planted linearly for 
shading of cycle paths in Goiania, Brazil.  
 
2. METHOD AND PROCEDURE  

This is an experimental study that was 
developed in the following steps, based on the 
RUROS project (Rediscovering the Urban Realm and 
Open Spaces) [5]  

a) Description of Local Climate;  
b) Selection of study areas;  
c) Meteorological data collected in selected 

study areas; 
d) Analysis of Thermal Comfort;  
e) Questionaries surveys by the thermal 

perception of cyclists and pedestrians  
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2.1 Local Climate 
Goiania (16º 40 S; 49º 15 W; 749m) has a 

population estimated at 1.536.097 inhabitants. 
The climate of Goiania is defined by Köppen-
Geiger [6] as Aw (Tropical with dry season). 
The seasons are well-defined rainfall regimes 
configuring a dry season (May to October) and 
a rainy season (November to January). The 
months of February, March, and April have a 
reasonable rain intensity, characterizing a 
transition between periods. Relative humidity 
indices vary from 52% in August (the driest 
month of the year) and 82% from December to 
March [7]. The average wind velocity was 1.5 
m/s and the predominant wind direction was 
southeast. 
 
2.2 Selection of study areas  

In the selection of study area, the following 
criteria were observed: street or ave with more 
than 1 km in the same direction, to better observe 
the thermal benefits of the lane and sidewalks, have 
a grouping of specimens of species with potential 
for improvement, place of great circulation of 
pedestrians and cyclists and pedestrian safety. In 
this area, there is an intense circulation of cars, 
pedestrians and cyclists, due to the commercial 
area with Araújo Jorge Hospital, Faculties and other 
commerce. 

In 2012, the municipality removed 34 trees and 
maintained Guariroba (S. oleracea), three 
Sibipirunas (C. pluviosum) e one Monguba (P. 
aquatica) in the study area.  As environmental 
compensations, there were planted species such as 
Handroanthus sp. (Ipês), Lophanthera lactescent 
Ducke (Lanterneiro), Licanea tomentosa (Benth.) 
Fritsch (Oitizeiro), Lagerstroemia indica (L.) Pers. 
(Resedá), Sapindus saponaria L. (Saboneteira) with 
approximate height of 2 m each. In 2022, these 
trees are not adults between 6 to 10 m. Figure 1 
shows that tree cover reduced so much in the last 
10 years.  

Figure 2 shows two areas selected for this study 
case in Universitaria Ave, Eastern University Sector, 
Goiania, were selected (Figure 1). The width of 
Universitaria Ave is 11 m. The width of the central 
sidewalk´s in area 1 (with trees) is around 9.8 m and 
in area 2 (with palms), 4,8 m. The sidewalk´s width 
is 6.0 m. In Area 1, the arborization of cycle paths is 
composed of trees by different species. In area 2, 
the arborization of cycle paths is composed by 
different species of palm trees of a single species. In 
both selected areas, lateral sidewalks have less 
vegetation than the central sidewalks. The table 
shows how the features of trees in selected areas. 

 
Figure 1:  
Study area with trees and with trees in both areas 
(adopted Google Earth Pro) 

 
Figure 2:  
Study area in Goiania, Brazil 

 
Table 1: 
Features of trees in selected sites 

Features Examples 
Guariroba Sibipituna  Monguba   

T 
R 
U
N 
K 

high 14 m 10 m 9m 
Casca 

   
 
C 
R
O 
W
N 

Type Stipe 

 

Plagiotrópic 

 

Ortotrópic 
sympodial 

 
Diameter 4m 12m 16m 

L 
E 
A 
V 
E 
S 

Type Pinade

 

Bipinate 

 

Simple 

 

 
2.3 Meteorological data collected 

Meteorological data collected as air 
temperature, relative humidity, globe temperature, 
and wind velocity, were collected during four 
sunny summer days (March 1st, 2nd, 5th, and 
6th, 2021) at 8 p.m, 10 p.m, 12:00 p.m and 4 
a.m.  

 

It selected 3 points to collect meteorological 
data in area 1 - with trees (figure 3) -, and 2 
points in area 2 – with palms 4). The set points 
were at the shade of trees and sun, on cycle 
paths. 

 
Figure 3:  

Area 1- with trees 

 
 
Figure 4:  

Area 1- with plams 

 
 
The equipment used was a Thermal Stress 

Meter (TGD-400 Instrutherm) and a Multifunctional 
(MS6300 Environment Multimeter) (Figure 5). The 
thermal stress meter recorded the following 
temperatures: wet bulb temperature (Tbu); dry 
bulb temperature (Tbs); globe temperature (Tg) 
which indicates the radiant temperature of the 
environment and others. The sphere of the thermal 
stress meter, originally in black, was replaced by 
another in gray, keeping the sensor in the center of 
the sphere to avoid interference in data collection 
under the sun. 

 
Figure 5:  
Used Equipment: a) stress meter (TGD-400 Instrutherm) 
and b) Multifuncional MS6300 Environment Multimeter 

         
2.4 Analysis of Thermal Comfort  

Used descriptive statistics to assess air 
temperature and relative measurement at each 
midpoint. From the mean radiant temperature, the 

temperature and the temperature of the Gray 
Globe were found, according to the following 
measure of sunlight by ISO 7726 (ASHRAE, 1998): 

Tmr={(Tg+273)4 + [(1,1x108 x Va0,6)/(g x D0,4)] x (Tg – 
Ta)}1/4 – 273                (1) 

where: 
Trm = Mean Radiant Temperature (ºC); 
Tg =  Globe Temperature (ºC); 
Va = Air velocity (m/s); 
εg = emissivity  
D = Globe diameter (m);  
Ta = Air temperature (ºC). 
 

Descriptive statistics used to assess air 
temperature and relative measurement at each 
midpoint. From the mean radiant temperature, the 
temperature and the temperature of the Gray Globe 
were found, according to the following measure of 
sunlight., 1998) and UTCI (Universal Thermal 
Climate Index) [8].  

RayMan Pro software was used to quantify 
thermal comfort by these two indices [9]. The input 
climate variables were air temperature, relative air 
humidity, wind speed and Mean Radiant 
Temperature; and as personal variables, it was 0.6 
Clo, based on the studies by Abreu-Harbich et al. 
(10) and sitting, 80W, and cycling, 200W, according 
to Lamberts et. (11). To compare the results of the 
UTCI indexes with the PET, Table 2 was used as 
thermal sensations are strengths in the classification 
of thermal sensations. 
 
Table 2:  
Thermal Sensations classification by PET e UTCI para 
Europa, Taiwan e Sao Paulo 

Thermal 
Sensation 

UTCI (oC ) 
[12] 

PET para 
European  
(oC PET) 

 

PET para 
Taiwan  
(oC PET) 

 

PET para 
São 

Paulo 
 

Very Cold  -13 a -27 <4 <14  
Cold -13 a 0 4 an 8 14 an 18 < 4 
Cool 0 a 9 8 a13 18 a 22 4 a 12 
Slight Cool 9 an 18 13 an 18 22 a 26 12 an 18 
Comfortable  18 a 26 18 a 23 26 a 30 18 a 26 
Slight warm 26 a 32 23 a 29 30 a 34 26 a31 
Warm  32 a 38 29 a 35 34 a 38 31 a 43 
Hot 38 a 46 35 a 41 38 a 42 >43 
Very Hot >46 >41 >42  
 

To calculate thermal comfort, it was used RayMan 
Software Pro. Figure 6 shows shade analyses and 
sky view factor of setpoints at shade. There is a 
large asphalt pavement in the front of area 1- with 
trees and a large area of planted grass and trees in 
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front of area 2 – with palms. 
Table 3:  
Shade analyses and Sky View facto (SVF) of setpoint at a 
shade 
 Shade Analysis  Sky View Factor 
P1 

 
 

P2 

 
 

P4  

 
 

 
2.5 Questionaries surveys by the thermal 

perception of cyclists and pedestrians  
It collected 148 questionaries surveys about 

thermal sensations and arborization preferences. 
The questionnaire survey had 16 questions about 
location perception, street aesthetics preferences, 
human variables (clothes and activities); thermal 
comfort perception and thermal comfort 
preferences. Respondents were between 18-48 
years old and 65% of women. 

 
 
3. RESULTS AND DISCUSSION 
        Figures 6,7 and 8 show the results of air 
temperature, relative humidity and mean radiant 
temperature for each set point in the selected area.  
 
Figure 6:  
Air temperature by set point areas (with trees and 
palm) in selected areas 
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Figure 7:  
Relative Humidity by set point areas (with trees and 
palm) in selected areas 
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Figure 8:  
Mean Radiant temperature by set point areas (with 
trees and palm) in selected areas 
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Figure 9 shows results of thermal comfort by each 
point in the selected area. It can observed that in Si 
 
Figure 9:  
PET and UTCI temperatures by set point areas (with 
trees and palm) in selected areas 
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        Around 91% of respondents prefers to walking or 
cycling in street with trees and 7% in street with palms. 
Around 74% of respondents prefers aesthetics of street 
with only trees and 27% with only palms. Around 90% 
respondents answered that streets need more trees, but 
6% prefers the actual situation. About arborization of 
University Ave, respondents answered that it is very good 

 

(8%), good (33%), adequate (44%), and inadequate (15%). 
Results show that most Brazilian pedestrians and cycles 
prefer to walk in the shade of trees and the aesthetic of 
the street brings well-being.  
Figure 10 presents the comparison between thermal 
sensations, UTCI and PET. In situation sitting, P1-
Sibipiruna, it brings 56% of thermal comfort and 70% for 
UTCI and PET. In situation walking, P1-Sibipiruna brings 
36% of Thermal Sensation and 30% for UTCI and 10% for 
PET.  
 
Figure 10:  
Comparison between thermal sensation, UTCI and PET 
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Results show that the morphological characteristics 
among the analysed plant specimens generate different 
shading areas, distinctly influencing the microclimate and 
that they can significantly improve the thermal comfort 
for bike path users, up to Guarribooms, confirming the 
results of Shashua-bar (16), Abreu-Harbich et al (17) and 
Ribeiro (18).  
The limitations found were regarding the date of data 
collection, the rainy season. It would be interesting to 
repeat this methodology during the dry season in the 
capital, between August and October, when the 
temperature is close to 40º C and the air humidity 
reaches less than 20%. 
Results suggests that more pedestrian and cyclist need to 
answer this questionary to have a better correlation 
between thermal index. Also, a tridimensional studies for 
future scenario could be implemented on this study. 
 
4. CONCLUSION 
         It is concluded that the Guariroba palm tree has a 
good capacity to provide shading on the cycle path and 
promote thermal comfort, but it is recommended 
whenever possible to plant trees instead of palm trees to 
reduce thermal stress on the cycle paths. Finally, it is 
concluded that: 1. The choice of species for planting in 
cities is essential for better thermal comfort for the 
population, due to the improvement of the microclimate, 
with the attenuation of temperature and increase in air 
humidity provided by trees and palms ; 2. That, 
depending on the space available for planting, there can 
be any of the various species of trees and that there is no 
space for them, it is perfectly possible to plant palm trees, 
in their most varied species, as there will also be an 
improvement in the microclimate . 
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ABSTRACT:  One of the contributions to possible improvements in the quality of life in cities is the planning of 
urban afforestation that can result in environmental benefits. Afforestation on public sidewalks should be 
attentive to the choice of suitable species that do not obstruct the passage of passers-by and explore the air 
space without environmental interference, seeking to promote shaded areas that provide comfort to local users. 
Planting trees without planning, as well as causing negative ergonomic and spatial impacts, can promote 
adverse environmental effects. It is assumed, for example, that the increase in the surface temperature of 
masonry can occur by the reflected radiation of the crowns of the trees, when very close. In this sense, the 
objective of this work is to evaluate the surface temperatures caused by the reflected radiations of the leaves of 
the crowns of the trees of a group of species at certain distances, seeking to identify the impacts on nearby 
surfaces. The methodology applied to this research will include bibliographical review on the subject, 
establishment of criteria for selection of tree species to be evaluated, analysis of the compositions and spatial 
arrangements of arboreal individuals, as well as measurements in loco that measure by pyranometers the 
average irradiance over the treetops.  
KEYWORDS: Urban thermal comfort; Urban afforestation; Radiant temperature; Thermal energy balance of 
vegetation; Solar radiation. 
 
 

1. INTRODUCTION  
 

The planning of urban afforestation can 
generate environmental benefits and, therefore, 
contribute to possible improvements in the quality 
of life in cities. Choosing the right location and tree 
species can provide better conditions for tree 
development, minimizing accident risks, reducing 
pruning needs, without causing damage to 
accessibility, for example. Currently, the ideal 
parameters for the afforestation of sidewalks on 
public roads are still being discussed. For planting 
trees on sidewalks, suitable species must be chosen 
that allow the trees to fully develop, exploring the 
available air space without causing interference and 
damage to other public equipment, buildings and 
pavement. 

Based on existing concepts and theories 
about tree planting, questions such as: What are 
the correct planting parameters? What negative 
effects can the planting of trees, improperly, have 
on open spaces in cities? Thus, it is intended to 
evaluate the radiant temperatures and their effects 
on the canopy of tree species to identify the 
impacts, at certain distances, of the heat emitted on 
nearby surfaces, since it is known that the leaves of 
the trees have radiative properties that depend on 

the length. waves, also possessing properties of 
absorption, transmission and reflection of heat, 
through the pigments of these sheets. 

Vegetation has been systematically used as 
a passive environmental conditioning strategy, 
integrating a set of bioclimatic strategies used by 
construction professionals. On the other hand, the 
great demand for urban land use leads to the 
emergence of new researches that seek different 
ways to bring vegetation to cities. (Matheus et al. 
2015). 

The characteristics of the immediate 
surroundings directly interfere with thermal 
comfort; therefore, the behavior of arboreal 
individuals in the microclimate varies according to 
the type, size, age, period of the year and forms of 
disposition in urban enclosures (Labaki, 2010).  
Transmission through leaves depends on their 
structure and thickness. According to the thickness 
(varying for each sheet) the sheets tend to have the 
same optical and thermal properties (Shinzato, 
2009). 
According to Bartelink (1998), the availability of 
radiation is one of the main forces responsible for 
the growth of trees in forests. According to Govind 
et al. (2013), the canopy radiative transfer 
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mechanism is probably the most important 
biophysical process that drives mass energy 
exchanges between the biosphere and the 
atmosphere. 

Shinzato (2009) describes that the occupancy 
balance of a leaf is due to its position in the canopy, 
being, therefore, an extremely variable parameter. 
It should be considered that, in addition to the 
position, age and the proposal a in the processes of 
transformation, reflection and transmission. 
Rahman et al. (2016) describe that urban trees 
regulate their thermal environment, mainly through 
canopies. It is observed, in one of the studies, 
shown in Figure 3, that it occurs according to the 
differences in temperatures with the 3 times, as a 
function of the amount of transmission received 
during the long day. The study also reported that, at 
night, the surface temperature increases by 0.5ºC, 
and inside the canopy, there is an average 
reduction of 0.85ºC in relation to the long surface of 
the whole day. 
“Green” infrastructures consist of living natural 
surfaces, composed of vegetation; can be 
implemented through green areas, roofs and walls, 
urban forests, among others. the vegetation 
promotes cooling by its ability to absorb solar 
radiation in the visible range, by 
shading and the promotion of latent heat fluxes, 
associated with evapotranspiration processes 
of plants and the presence of moisture. Its use also 
favors the reduction of air pollution rates. 
and carbon sequestration (Ferreira & Pereira & 
Labaki, 2020, pp 239). 
 
 

2. OBJETIVES AND JUSTIFICATION 
 

The objective of this work is to identify whether 
the radiation emitted by the leaves of certain types 
of trees contributes to the increase in the 
temperature of elements of facades close to these 
crowns. 

 
2.1 Methodology 

 
The research methodology is structured in 

stages. The first part comprises a bibliographic 
survey of the specific literature on the subject, 
based on the method known as Systematic 
Literature Review (SLR). The criteria for 
bibliographic selections will be the use of 
databases, such as Scopus, Elsevier, Scielo, 
Ambiente Construcdo Magazine, among others, as 
well as reputable journals and books related to the 
topic under discussion. These searches will be 
carried out using registered terminologies 
(keywords) referring to the topics covered. The 

inclusion criteria for the studies found will be, 
particularly, concerning some type of thermal 
impact caused by urban vegetation on nearby 
surfaces (facades in general). 

Still in the bibliographic research, it is 
necessary to carry out a definition of selection 
criteria for the tree species to be studied, analyzing 
the individual thermal characteristics of each one, 
an analysis of the composition and spatial 
arrangement of the tree individuals in the study 
structures to be defined. 

Currently, in some Brazilian cities, city halls 
provide informative catalogs about planting tree 
species considered ideal for cities. These manuals 
suggest parameters for planting on 
sidewalks/sidewalks public, but they only deal with 
aspects related to crown pruning and types of roots 
that may eventually obstruct the passages, and 
even suggest the typological format that the crowns 
should have, as shown in Figure 1: 

 
 
Figure 1: Canopy architecture typology. Source: 

Technical manual on urban afforestation. 
 
The methodological construction to be 

suggested for this research is the creation of a 
database that catalogs the species according to the 
emission of thermal radiation by the leaves of the 
crowns of the species that will be evaluated, 
suggesting ideal distances, so that the supposed 
reflected radiation and emitted by leaves, do not 
change the temperature of nearby surfaces. Figure 
2 shows some drawings of road profiles, which 
insert urban trees without considering the thermal 
impact. Such standards, as a rule, aim only to 
provide a solution for shading and traffic on the 
sidewalks, neglecting the necessary distance criteria 
from the facade. 

 

 

 
Figure 2: Canopy architecture typology 

. 
 
The second methodological step of this work 

concerns the choice of location to carry out the 
measurements. The initial proposal is to choose a 
location in the region between Campinas and the 
lower Mogiana region, but this discussion should be 
better evaluated according to the costs necessary to 
carry out this research. For the measurements of 
the amount of radiation emitted by the leaves of 
the crowns, it is proposed sensors, called 
pyranometers, equipment designed for use with 
vegetation, which also evaluates the amount of 
solar energy under trees, through the collection of 
solarimetric data. It will be necessary to choose 
certain treetops close to adjacent vertical surfaces, 
using a compass to identify the direction of true 
north, subtracting the local magnetic declination for 
that crown from magnetic north. A sensor to 
measure relative humidity and air temperature, a 
sensor for wind speed and wind direction should 
also be added. This instrumental set should be used 
in two possible ways: through a metal structure 
fixedly mounted on trees or by means of a drone. 

In addition, a thermographic camera will be 
used to acquire infrared images, in order to 
demonstrate in a more didactic way the amount of 
heat emitted by the leaves of the trees. The 
thermographic camera filters infrared rays through 
a specific lens, usually made of germanium, built 
into the camera itself. All images generated by the 
camera will be transferred, organized, stored, 
electronically post-processed, through computer 
programs for the analysis of thermal images, where 
reports will be generated detailing the results 
collected in loco. 
 

2.2  Measurements 
 

After the bibliographic surveys of this initial 
stage, the next stage will be the analysis of the 
radiation emitted by some species of urban trees. 
Along with this next step, a container model will be 
developed that can simulate a small-scale built 
environment. The idea is to create a mobile 
environment that can be installed over the crowns, 
thus enabling thermographic measurements of 

these crowns, so that the results of the emissivities 
obtained can be analyzed. 
A thermographic camera will be used to acquire 
infrared images, in order to demonstrate in a more 
didactic way the amount of heat emitted by the 
leaves of the trees. The thermographic camera 
filters infrared rays through a specific lens, usually 
made of germanium, built into the camera itself. All 
images generated by the camera will be 
transferred, organized, stored, electronically post-
processed, through computer programs for thermal 
image analysis, where reports will be generated 
detailing the results collected in loco, as shown in 
Figure 3. 
 

 
 

Figure 3: Thermographic image result in 
vegetables. 
 
 

Figure 4 demonstrates a possibility of visual 
study that could be produced in this research. The 
idea is to clarify if there is any interference from the 
reflections of the leaves of the crowns in 
environments close to these trees and the possible 
solutions suggested to solve the problems, when 
they exist. 
 

 
 

Figure 4: Hypothesis of an object of study 
 

After all the methodological development, it 
is intended to answer whether the amount of 
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radiation emitted by leaves of treetops is capable of 
influencing the increase in temperature of surfaces 
close to these crowns and, if so, what is the best 
solution to propose. . For this possible answer, a 
simplified table is proposed that determines the 
correct position of planting certain tree species in 
cities. 
 
 
2.4 Initial Measurements 
 
The research methodology is structured in stages. 
First, it is important to inform you that this research 
is in its initial stage. The methods and results to be 
presented below are still hypothetical and this 
research will still undergo a more refined evaluation 
process. The initial idea of the project was initially 
to develop a closed and thermally insulated 
container to understand if there is any relationship 
of heat accretion between the distances of a tree 
canopy. For the initial measurements, tests with a 
pyranometer have not yet been performed, this will 
be carried out in the next stage of this research. 
 

 
 

Figure 5: Virtual representation of the prototype. 
 
Figure 5 demonstrates a prototype whose 

idea would be to have a thermometer on the inside 
of the box and a pyranometer on the outside, 
where the extracted results would be the ambient 
temperature inside the box and the amount of 
radiation emitted, both results obtained by the heat 
emitted from the cups. of trees. 
In practice, largely due to the period of the 
pandemic, the solution for the development of the 
initial prototype was a much more simplified model, 
this being a styrofoam box, sealed with a plastic 
film, having inside a Digital Thermo-Hygrothermal 
thermometer with sensor. external, ASKO brand, 
model AK28new, as shown in figure 6. 
 

 
 

Figure 6: Simplified prototype. 
 

With the assembly of the prototype, the first 
conceptual measurements of this project began. 

Two trees were chosen for a pilot test in a 
square in the city of Mogi Mirim-SP, whose species 
are popularly called “Gold Rain” Tree, whose 
scientific name is Lophantera lactescens and 
“Astrapeia” whose scientific name is Dombeya. 
wallichii respectively. The location and the day of 
this measurement showed an air temperature of 
32ºC and an air velocity of practically zero (0m/s). 
For the initial measurements, three points with 
different distances were chosen. In figure 7, it is 
observed that the first point has a distance of 2 
meters in relation to the tree canopy, when the 
second point is 1 meter away and in the last point, 
the prototype is very close to the canopy. 
The measurements took place on July 25, 2021 
between 2:00 pm and 2:40 pm. 
 

 
Figure 7: Prototype applied in loco for initial 

measurements on the species Lophantera lactescens. 
 

Figures 7 and 8 show the arrangement 
between the prototype and the vegetation, 
indicating the three measurements, which varied 
between 2 meters and 30 cm. 

 

 

 
Figure 8: Prototype applied in loco for initial 

measurements on the species Dombeya wallichii. 
 

3. PARTIALS RESULTS 
 

The first results with an adapted prototype 
showed that there are possibilities that the 
hypotheses raised for this research may have true 
relationships. 
Comparing the results between the two selected 
trees, it was observed that the smaller the distance 
between the box and the canopy surfaces, the 
higher the internal temperature of the box. 

The results referring to the increase in heat 
of Lophantera lactescens showed higher thermal 
amplitudes, with a total amplitude of 2.5ºC, while 
Dombeya wallichii presented a smaller and more 
homogeneous thermal amplitude, with a total 
difference of 0.5ºC, according to the results shown 
in Figure 9 . 
 

 
Figure 9: Partial results of the first measurements. 

 
For this stage of the research, the canopy albedo 

capacity is not yet being evaluated and measured. 
 
 
 

3. CONCLUSION 
 

The main hypothesis presented is that 
properties present in the leaves collaborate with 
the increase in temperatures of surfaces close to 
the crowns, as a function of the radiant heat of the 
leaves. If this is proven by other measurement 
methods, we should rethink the planting of urban 
trees, respecting certain distances from these in 
relation to the facades of buildings. 
The lack of ergonomic discussion of tree planting 
may be omitting problems of heat addition in urban 
areas is still widespread, and may be masking more 
accurate results on heat islands in cities, because 
when tree planting solutions are prescribed in 
urban, the recommendations are related only to the 
shadows generated on the ground, but there are no 
urban discussions about the possibility of radiating 
the heat generated by the leaves of the crowns. 

Another hypothesis is that, if the first 
hypothesis is confirmed, the amount of radiation 
may result not only in the size of the leaves, but 
also in their thickness, density and the variation of 
the leaf pantones according to their plant age, 
however this is still part of future doctors in the 
next stage of this research. 
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ABSTRACT: Decisions in the early stages of design are the ones that generate the greatest environmental, 
economic, and social impacts in projects of the built environment. It has been identified that the professionals 
involved in these stages usually have difficulties in understanding and using life cycle analysis tools. For this 
reason, this paper looks to develop an integration between the database of the Abaco-Chile sustainability tool 
and Building Information Modelling and evaluate its effectiveness to aid decision making. Entry data and 
sustainability criteria to evaluate were collected (GHG emissions, incorporated energy, and unit economic cost), 
the integration was proposed with the flow: Abaco-Chile, Revit, Excel, and ten experts evaluated the 
sustainability through a case study that analyses three masonry wall design options, using the current (just 
Abaco-Chile) and the proposed workflow. Finally, the integration was evaluated through a survey in terms of 
time, applicability, scalability, and ease of understanding. The results show that the proposed integration allows 
designers to quickly assess the environmental and economic impact of different design options and facilitate 
understanding in reading results compared to the current workflow. 
KEYWORDS: Building Information Modelling, Sustainable buildings, Sustainability Tools, Architectural Design.  
 
 

1. INTRODUCTION 
In the building sector, the decisions in the early 

stages of design have the highest impact on 
sustainability, which is why one of the greatest 
challenges for designers is the incorporation of 
environmental criteria in the initial stages [1, 2]. 
There are different methods to evaluate the 
economic and environmental impact of buildings 
throughout their life cycle, like the Life Cycle 
Evaluation and Cost Cycle Evaluation. However, 
these are time-consuming [3, 4, 5], and highly 
specialised. 

To facilitate this complex process, a variety of 
software suites and calculators have been 
developed worldwide to evaluate the sustainability 
of buildings [6]. In Chile, the Abaco-Chile tool 
comprehensively evaluates construction projects, 
considering environmental parameters and 
economic and social costs, from its design to 
construction on its web platform [7, 8]. It has a 
database based on Ecoinvent 3.0 adapted to the 
Chilean energy matrix [7, 9]. However, it is a 
standalone online platform, not directly connected 
with the design process, requiring the manual 
introduction of data to perform the evaluations. 

Building Information Modelling (BIM) is 
considered an emerging technology. It is a 
methodology that seeks, within a collaborative 
context, to manage information throughout the 

project’s life cycle [10]. In recent years, BIM started 
to be studied in the sustainability area. Different 
approaches have been proposed to reduce the 
manual loading of data and aid the reading of 
results by non-experts in the field [4, 10]. However, 
there are still certain limitations [4, 11, 12]: (a) 
Interoperability between tools, where data transfer 
between them requires a lot of time and effort; (b) 
Loss of information and errors in the transfer from 
one tool to another, (c) Incorporation of 
sustainability criteria at later stages of the design 
process; and (d) Complexity in data interpretation.  

This research aims to develop an integration 
between a sustainability tool, the Abaco-Chile 
database, and the BIM workflow for the early stages 
of design and to evaluate their effectiveness. 
 
2. MATERIALS AND METHODS 

A non-experimental correlational quantitative 
methodology was used. As the proposal is a 
workflow, it is considered that it can be applied at a 
global scale. In this case, a Chilean database was 
taken as a reference so that the application context 
is limited to the domestic scale. 

The work was done in three stages. First, the 
workflow was developed to connect a local 
database (Abaco-Chile) with design software 
(Autodesk Revit). Then, a group of ten experts in 
the area evaluated the sustainability 

 

(environmental and economic) in the early stages of 
design of a case study, analysing three wall 
construction system options through the current 
method (manual measurements and calculations in 
Abaco-Chile), and the proposed workflow, to make 
an informed decision about the system to use. 
Finally, the effectiveness of the integration 
proposed in terms of (a) Time, (b) Applicability, (c) 
Ease of understanding, and (d) Scalability was 
evaluated through a survey to the experts. The 
evaluation was made using 11 closed questions, 
analysed following the Likert scale and three open 
questions.  
 
2.1 Proposed Integration between the 
Sustainability Tool and BIM 

A semi-automatic integration was proposed, 
which considers: Data Collection, Calculation, and 
Display. To implement the integration, the 
sustainable tool used was Abaco-Chile. Autodesk 
Revit was used as the design software within the 
BIM environment. The Add-in for Revit UniBIM and 
Microsoft Excel supported the data exchange. The 
details of the proposed integration are reported as 
a result of this research, in section 3.1.   
 
2.2 Environmental and Economic Evaluation  

A case study was taken to evaluate its 
environmental and economic impact, using the 
current workflow method and the semi-automatic 
integration proposed. A group of ten experts with 
previous experience in architectural design and in 
using Abaco-Chile was asked to apply the workflows 
on the case study to determine the environmental 
and economic impact of the solutions, and from 
this, to select the final material solution. 
 
2.2.1 Current Workflow 

In the current workflow: (1) The volumes are 
obtained manually through design software or 
spreadsheets; and then (2) This information is input 
into Abaco-Chile, where the different materials the 
construction systems have, are chosen, and the 
environmental and economic impact calculations 
are made, as shown in Figure 1. 

 
Figure 1:  
Current Method for the Sustainability Evaluation. 

 
 

2.2.2 Case Study 
The case study comprises three construction 

system options of 6.00 x 2.60 m walls with a width 
of 0.15 m, plus foundations of 6.00 x 0.50 m. These 
include a foundation, braces, pillars, a (structural) 
stem wall, and (non-structural) concrete floor 
paving, differentiated only by the masonry material. 
The first wall (M1) has fired clay brick; the second 
(M2), concrete blocks; and the third (M3), foam 
concrete, as shown in Figure 2. The solutions (M1-
M3) were defined according to the typical 
construction materials in Chile and their availability 
in Abaco-Chile.  

 
Figure 2:  
Case study. Design options of external wall construction 
systems. 

 
 
2.3 Validation 

The effectiveness of the proposed integration 
was validated in terms of (a) Time, (b) Applicability, 
(c) Ease of understanding, and (d) Scalability 
through a survey carried out among the experts 
participating in the test.  

The survey was adapted from Van Eldik et al. [3], 
leaving the 14 questions listed in Table 1. These 
were divided into four categories (a-d). The first two 
questions referred to the time involved, were 
measured from 1 (a lot) to 5 (very little). Questions 
3 to 11 were measured with scores from 1 (strongly 
agree) to 5 (strongly disagree). The last 3 are open 
questions for general opinions. 

The tool’s effectiveness was estimated by 
comparing the results obtained with the current 
method and those with the one proposed through 
the Likert Scale analysis [13]. In it, the attitude of 
those surveyed regarding both methods was 
evaluated, placing the answers from a very 
unfavourable attitude (1 point in each question) to 
a favourable attitude (5 points in each question). 
The scores were added by category and in total per 
participant. Finally, an average score including the 
answers from all participants was calculated. The 
scores were transformed into percentages to 
facilitate comparison, with the lowest possible 
value equal to 0% and the highest possible value 
equal to 100%. 
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Table 1:  
Survey Questions made to the Group of Experts. 
 
 Question 
(a) Time 

 
Bearing in mind the entire design process, do you 
consider that the time that is usually needed to 
evaluate the sustainability of a project is… 

(Q1) … with the current method 
(Q2) … with the proposed method 
(b)  Applicability 
(Q3) The current method can be easily adapted 
(Q4) The proposed method can be easily adapted 

(Q5) The current method is flexible to evaluate different 
design options 

(Q6) The proposed method is flexible to evaluate different 
design options 

(c) Ease of Understanding 

(Q7) The results of the current method are quick and easy 
to understand and interpret 

(Q8) The results of the proposed method are quick and 
easy to understand and interpret 

(Q9) The proposed method allows making designers more 
aware of sustainability than the current method 

(d) Scalability 

(Q10) The current method can be easily applied to different 
projects 

(Q11) The proposed method can be easily applied to 
different projects 

(e) Open Questions 

(Q12) What limitations and strengths do you see in the 
current method? 

(Q13) What limitations and strengths do you see in the 
proposed method? 

(Q14) Which aspects of the proposed method would you 
highlight, compared to the current one? 

 
3. RESULTS 
3.1 Proposed integration 

A semi-automatic integration was developed 
between Abaco-Chile and the BIM environment in 
three steps, as shown in Figure 3: (1) Data 
Collection, (2) Integration with the Model and 
Calculations, (3) Display. First, the information 
needed to calculate the environmental and 
economic indicators in the BIM model was taken 
from the Abaco-Chile database. Then, data were 
incorporated in the model in Autodesk Revit by 
creating non-native parameters, from which 
quantification tables were generated with the Abaco-
Chile data, the volume in cubic meters and the 
calculations needed to evaluate the environmental 
impacts and economic costs of each material. Finally, 
using the UniBIM Add-in, the data was exported to 
Excel, and the graphical results were generated. 
 
3.1.1 Data Collection 

The goal of this stage was to collect the 
necessary data from the Abaco-Chile database to 
make the environmental and economic evaluation 
in the BIM environment. 

Figure 3:  
Integration between Abaco-Chile and BIM. 

 
 
The database gathers the impact of the different 

materials during their entire life cycle. For this 
study, only the initial stages, from the extraction of 
the raw material, its transportation to the factory, 
the manufacturing of the material, the 
transportation to the worksite, and its construction, 
were considered (Stages A1-A5, as per UNE EN 
15978:2012). From the environmental indicators in 
the database, the decision was made to evaluate 
the contained energy (MJ) and the GHG emissions 
(KgCO2eq), as these are the variables present in 
most available materials. The unit cost data were 
used for the economic impact (Chilean Pesos). 
 
3.1.2 Integration with the Model and Calculations 

The collected data had to be integrated into the 
BIM model to evaluate the project's impacts. To 
start the process, each element of the construction 
system was modelled through the design options, 
and the related materials were assigned along with 
their assembly code (as per Abaco-Chile) in the 
properties of the element in Autodesk Revit 2021. 
Then, two non-native project parameters of the 
type of project and shared grouped within the 
properties of Green Buildings were generated, 
called “Unit GHG Emissions (KgCO2eq)” and 
“Contained Energy (MJ)”. With these parameters, 
the data taken in the previous section on each 
material was manually uploaded. The economic 
costs were input in the “Identity Data” and “Costs” 
sections. 

Then, the planning tables were generated for 
each element, where the volume (m3), the unit 
values, and total values of the environmental and 
economic indicators are detailed. To calculate the 
totals, new fields were generated within the 
properties of the table, using parameters calculated 
within the common work of the standard number, 
such as those of the following equation (1): 

 

 
Total = (Volumecomponent * Unit valueindicator) / 1 

(volume measurement unit) (1) 

Where Volumecomponent – volume/area that each 
component occupies (m3/m2); 
             Unit valueindicator – GHG Emissions (kgCo2-eq), 
Contained Energy (MJ), Cost ($). 
 

Once the necessary information was obtained, 
the tables created in Revit were imported to Excel 
using the UniBIM Table 1.5 Add-in to format the 
display of the results.  
 
3.1.3 Display 

A dynamic display was chosen to aid in 
understanding the relationship among the 
sustainability impacts of the different design 
options. In the proposed method, Microsoft Excel is 
used to generate the different graphs. 

Starting from exporting the information made in 
the previous point, an Excel spreadsheet was 
obtained for each table. A consolidated table with 
all the information was generated to facilitate the 
process. A bubble graph was created, which 
allowed comparing the environmental and 
economic costs of all the design options. 
 
3.2 Case Study Evaluation 

The experts evaluated the case study using the 
current and the proposed method to gather later 
their opinions of the analysis made. Figure 4 shows 
an example of the comparative figure used to make 
the decisions. 
 
Figure 4:  
Visual comparison of the environmental and economic 
costs of all the design options. 
 

 
 
3.3 Validation 

There was a response rate of 90% from the 
evaluation requested from the experts. In Table 2 
and Figure 5, it is seen that all the questions related 
to the proposed method (Q2, Q4, Q6, Q8, Q9, and 
Q11) had the highest number of answers linked to 
favourable attitudes compared to the current 
method. 

 
Table 2:  
Results of the Survey to the Group of Experts. 
 

  1 2 3 4 5 
(a) (Q1) * 22% 33% 33% 11% 0% 

(Q2) * 0% 11% 22% 56% 11% 
(b) (Q3)  11% 22% 22% 33% 11% 

(Q4) 0% 0% 0% 22% 78% 
(Q5) 22% 11% 33% 22% 11% 
(Q6) 0% 0% 0% 33% 67% 

(c) (Q7) 11% 11% 56% 11% 11% 
(Q8) 0% 0% 11% 22% 67% 
(Q9) 0% 0% 0% 22% 78% 

(d) (Q10) 0% 44% 22% 22% 11% 
(Q11) 0% 0% 0% 44% 56% 

*Where 1 (a lot) to 5 (very little) for the other 
questions, 1 (strongly disagree) to 5 (strongly agree). 
 
Figure 5:  
Results of the Survey to the Group of Experts by Category, 
using the Likert Scale. The lighter colour shows the 
attitude to the current method, while the darker colour 
corresponds to the attitude to the proposed method. 
 

 
 
3.3.1 (a) Time 

55% of those surveyed felt that the time required 
to analyse a project with the current method is quite 
or very long (Q1). According to the Likert Scale, the 
current method scored 2.3 points (47%), while the 
proposed one (Q2) got 3.7 (73%), with 5 being the 
maximum (very favourable attitude) and 1 being the 
minimum (very unfavourable attitude). 
 
3.3.2 (b) Applicability 

As for applicability, 44% agreed or strongly 
agreed that the current method is readily adaptable 
(Q3), while 33% felt it flexible enough to integrate 
other design options (Q5). In the same section, 
those surveyed stated they agreed or strongly 
agreed in 100% of the cases about adaptability and 
flexibility when considering the proposed method 
(Q4 and Q6). The current method scored 6 points 
(60%), from a minimum of 2 and a maximum of 10. 
On the other hand, the proposed method scored 
9.4 (94%) out of 10. 
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3.3.3 (c) Ease of Understanding 
In this section, 22% agreed or strongly agreed 

about the ease and speed of understanding and 
interpreting the data with the current method, 
while 56% neither agreed nor disagreed (Q7). On 
the other hand, in the proposed method, the 
positive responses rose to 89% (Q8). When asked 
about comparing both methods to evaluate 
sustainability, 100% manifested agreeing or strongly 
agreeing in an increase of contribution by the 
designers over the current method (Q9). The Likert 
Scale evaluation confirmed the favourable attitude 
of those surveyed towards the proposed method, 
scoring 9.3 (93%) out of a possible 10. The current 
method scored 4.8 (48%), with 2 being the 
minimum. 
 
3.3.4 (d) Scalability 

Finally, for Scalability, 33% considered that the 
current method is easily scalable to other projects 
(Q10). Meanwhile, 100% of those surveyed agreed 
or strongly agreed with the scalability of the 
proposed method (Q11). Concerning the Likert 
Scale, the current method scored 3 (60%) points, 
while the proposed method 4.6 (91%), with a 
minimum of 1 and a maximum of 5. 
 
3.3.5 (e) Open Questions 

According to the open questions, half of those 
surveyed identified that the current tool is built on 
an old programming level, has limitations in terms 
of ease in use, and lacks flexibility for changes and 
the repetition of processes. They felt that the 
evaluation process of alternatives or large-scale 
projects takes a long time and that it is not very 
visual. They also understand that knowledge or 
experience on the topic is needed to easily and 
quickly understand the results. The experts agreed 
that the strength of the current tool is its database 
(Q12). Most of those surveyed mentioned that the 
proposed integration covers most of the limitations 
of the current method. However, they highlighted 
that it still lacks development at a programming 
level to integrate the indicators more fluently and in 
an automated fashion. They found that the 
proposal has potential, like the possibility of 
working in an integrated and collaborative way in 
the design and sustainability indicators at early 
stages, facilitating their inclusion in the workflow, 
and flexibility and versatility when it comes to 
evaluating different variations and projects, as well 
as speed in obtaining volumes, ease to visualise and 
interpret the results, all of this supporting the 
decision-making process. They also felt that once it 
has a repertoire of indicators loaded in the 
integration, the method will be more automated 
and thus quicker (Q12 and Q14). 

Overall, the analysis using the Likert Scale 
(Figure 4) shows that, for the current method, the 
responses are slightly above the midpoint of the 
scale, with a score of 14.3 (57%) out of 25, which 
indicates a position that ranges from neutral to 
unfavourable. On the other hand, the proposed 
method scored 27 points (90%), with 30 being the 
maximum, reflecting a very favourable attitude of 
those surveyed regarding the current method. 
 
4. DISCUSSION 

The results show that the integration developed 
between the Abaco-Chile database and BIM: (a) 
Reduces the time required by designers to make 
sustainability evaluations compared to the current 
method; (b) Is flexible to evaluate different design 
variations; (c) Speeds up and aids the visualisation 
of the results to make decisions based on 
sustainability criteria at early stages of design; and 
(d) Can be easily applied to different projects. 

Similarly, Crippa et al. [12] developed and 
validated integration between ArchiCAD19 and 
SimaPro8 to evaluate different types of walls, 
concluding that the framework impacts the 
mitigation of problems related to sustainability in 
the industry. Jalaei et al. [14] linked Autodesk Revit, 
Microsoft Excel, and Athena Impact Estimator to 
evaluate the sustainability of buildings in the early 
stages. They mentioned that the proposal was easy 
to use, allowed reducing the time to obtain 
calculations and helped to minimise errors caused 
by manual input. Correspondingly, the present 
study recognises the use of a local database and a 
simple workflow that take advantage of frequently 
used tools for designers. Van Eldik et al. [3] 
integrated a Dutch database and BIM for 
infrastructure projects in the early design stages, 
demonstrating that this method increases 
sustainability awareness in the design team. This 
topic is a growing need in the construction industry. 
For this reason, our research points out to bring 
complex but necessary tools closer to the people 
who make the critical decisions in project design.  

Moreover, today’s technological advances and 
new challenges lead designers to incorporate 
automation into their workflows, changing their 
mindset and approaching the design process in a 
completely new way. Architects and designers are 
no longer passive users of tools but instead emerge 
with a more active role in customisation and 
leveraging data. Our study sought to make this 
evident, showing that the tools are there to be used 
in new ways. Data can be accessed in a structured, 
orderly manner and be an input for the design.  

We developed an integration between a 
Sustainability Tool and BIM in this research and 
implemented it using Abaco-Chile, Revit and Excel. 

 

This is one of many possible solutions that is 
improvable, but that allows showing that it is 
possible to empower designers and bring 
information closer to the users where decisions 
with greater impact on the project life cycle can be 
made. Besides, it is an example of the potential of 
Abaco-Chile as a local database and platform which 
can continue to nurture several developments in 
the area. 

Although the results suggest that the integration 
proposed in this study is valuable to help designers 
in decision making in the early stages of design, it 
still has some limitations, namely: (1) There is no 
automation for data transfer between the BIM 
software and the database; (2) The integration does 
not consider the different levels of development 
(LOD) of the projects; (3) It only addresses the 
sustainability indicators of Contained Energy, GHG 
Emissions, and Unit Cost; (4) The database used, 
Abaco-Chile, still has a limited amount of material 
resources, while the unit cost values have been out 
of date since 2018; and (5) Its application was 
limited to the Chilean context, on using a domestic 
database. These limitations are an opportunity for 
future research, including developing an automated 
integration between the Chilean sustainability 
indicators database and BIM, broadening the scope 
of integration for higher levels of detail above LOD 
100, and including more sustainability indicators. 
 
5. CONCLUSION 

Through this study, BIM is recognised as a 
potential tool to study the sustainability of projects 
in the construction industry during their early 
stages. The proposed integration between the 
Abaco-Chile database sustainability tool and BIM 
allows designers to quickly evaluate the economic 
and environmental impact of different design 
options, as well as to facilitate the reading of the 
results for those who are not experts in the area, 
allowing making better decisions at early stages of 
design, contributing to the sustainability of 
buildings. The integration can be improved and 
complemented to be used by architects and 
designers in a context such as Chile, using the local 
database Abaco-Chile, or adapted to other contexts 
and data sources. 
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ABSTRACT: High concentration of particulate matter can be critical to those with vulnerable immunity. 
Especially, its importance is all the more noticeable in school facility as it has higher particulate matter 
production rate and requires occupants’ long-term concentration. However, since there are practical problems 
for occupants to control air quality in real-time, effective air conditioning control measures must be prepared to 
manage such. Thus, this paper developed artificial neural network based prediction model capable of 
automatically controlling indoor air quality in school facility. Learning data used for development were obtained 
by establishing Mock-up chamber and simulation model, and the prediction model’s performance evaluation 
showed high accuracy of Cv(RMSE) being 8.40%. Prediction model is expected to be used for real-time prediction 
based control after its installation in ventilation management algorithm. 
KEYWORDS: Fine particulate matter, Prediction model, Indoor air quality 
 
 

1. INTRODUCTION 
International Agency for Research on Cancer 

under World Health Organization (WHO) specified 
particulate matter as group 1 carcinogenic material 
in 2013[1]. Particulate matter under 2.5 µg radius, 
also known as PM2.5, is known to be 5th most fatal 
death risk factors in 2015[2] and indoors infiltrated 
by high concentration of PM2.5 are reported to be 
more critical to those with vulnerable immune 
systems such as children and elderly, causing 
asthma[3] and lung cancer[4-5]. Children of age 
under 13, who requires more amount of respiration 
per unit weight during their growing period, are 
especially more sensitive to the source of 
pollution[6-7]. 

The main sources of these indoor particulate 
matter are inflows from fenestration, ventilation 
systems and infiltration, and pollutants emitted 
from indoor activities, building components and 
furniture[8]. Also, as pollution level is known to be 
dependant to gas and micro-organism pollutants 
inside the building, it can be controlled by efficient 
operation of air conditioning systems inside the 
building[9]. Hence, school facilities, which shows 
distinctiveness of requiring long-term attention and 
has higher particulate matter occurrence rate due 
to occupants’ activities inside, need ventilation 
through controlled air conditioning. Practically, 
however, there presents several problems for 
school managers to operate air conditioning and 
give lessons at the same time. Thus, there presents 
need for development of preemtive responding 
real-time particulate matter prediction model, and 
relevant research are being conducted.  

Studies regarding particulate matter prediction 
model can be divided to one, mathematical 
modelling based on concentration analysis theory 
and two, development of prediction model using 
artificial intelligence, and majority of them focusses 
on outdoor particulate matter prediction, leading to 
research for indoor particulate matter prediction 
being relatively inadequate. As for mathematical 
modelling based on concentration analysis theory, 
Kim (2018) mathematically modelized indoor 
particulate matter concentration formation to 
control ventilation and air purification, and selected 
constants that affected indoor particulate matter 
concentration through derivation of major 
influencing factors. Highly accurate results of 
average error of 5% and maximum error of 17% 
could be achieved after comparing with field 
data[10]. Yeo (2019) applied mathematically 
modelized prediction models to actual field for 
comparative evaluation. Correlation result with R2 
being approximately 0.8 higher has been achieved 
as a result[11]. Prediction model based on 
concentration analysis theory shows high accuracy 
in regard to spaces that can be applied. However, 
various experiments must be practiced in advance 
and shows very low prediction accuracy for 
particulate matter occurring due to occupants’ 
activities. Research for development of prediction 
model using artificial intelligence mainly focused on 
comparing performance of models learned based 
on sequence data using various learning algorithms. 
Lagesse (2020) developed indoor PM2.5 
concentration prediction model using Regression 
Model, Artificial neural network (ANN), and Long 

 

Short Term Memory(LSTM). As a result, LSTM 
model’s RMSE (Root Mean Square Error) was 1.73, 
showing superior result to Regression Model and 
ANN[12]. Several research to develop indoor 
particulate matter prediction model using LSTM 
other than above has been executed but there are 
only few cases that conducted control using such.  

For other cases of prediction model 
development using artificial intelligence, studies 
aiming to improve comprehensive air quality were 
majority. Amado and Dela Cruz (2018) tested 
accuracy and practicality of machine learning based 
prediction model for air quality evaluation and 
control[13], and Tagliabue et al. (2021) applied data 
collected from IoT (Internet of Things) network 
inside educational facility to prediction model and 
used it to control indoor air quality[14].  

Therefore, this paper developed indoor 
particulate matter prediction model for indoor air 
quality improvements in school facilities based on 
artificial neural network capable of real-time 
learning and optimized control. 
 
2. INDOOR PARTICULATE MATTER PREDICTION 
MODEL DEVELOPMENT 

ANN, one of Machine Learning’s supervised 
learning algorithms, consists of Input Layer, Hidden 
Layer, and Output Layer. Each layer is composed of 
Node, and possesses Weight and Bias based on 
perceptron structure[15-16]. This study established 
Mock-up chamber to obtain learning data set. Also, 
for the purpose of regression, developed prediction 
model that sets factors which contribute to indoor 
particulate matter density formation as input 
variable using artificial neural network and 
predicted PM2.5 concentration as output variable.  
 
Figure 1:  
Flow chart of predictive model development 

 
 
2.1 Mock-up chamber establishment 

 A Mock-up chamber capable of particulate 
matter production and measurement was built 
develop indoor particulate matter initial prediction 
model. Major components are particulate matter 
producer that can insert particulate matter from 

the front side, measuring compartment capable of 
real-time measurement via Arduino sensor, Supply 
Fan, Return Fan, and control compartment which 
consist of external air inlet adjustment damper. 
Especially, control compartment can be Linear 
controlled through PWM (Pulse Width Modulation), 
Hepa Filter has been attached to Supply Fan, Pre-
Filter attached to Return Fan and Exhaust so that 
conditions can be equal to previous air conditioner. 
Wall surface has been finished with uninterruptable 
acrylic panel to prevent adsorption due to static 
electricity. Precise information is as Table 1. Arizona 
Dust, testing dust used for formal experiments in 
ISO, has been used as particles for rendering 
particulate matter.  

 
Table 1:  
Chamber summary 

 

2.2 Establishing and preprocessing prediction 
model learning data 

Prediction model must select variable that has 
high correlation between input and output variable, 
learning data applied with various scenarios 
improve prediction performance. For indoor PM2.5 
prediction, 11 Data with high correlation to 
particulate matter density formation have been 
selected as input variable through preceding 
research as shown in Table 2. Chamber experiment 

 Content 

Structure 

Volume 
(m3) 3.225 ㎡×2.04M≒6.6 ㎥ 

Floor area 
(m2) ≒3.225 ㎡ (W×D mm) 

Size 1290(W)×2500(D)×1980(H) (mm) 

Material Aluminum profile + Acrylic (no 
blackout) 

Door 800(W)×30(D)×1780(H) (mm) 

  

Control unit 

Power 220 V AC, single phase 
Total power ≤ 1.0 kW/h 

Supply fan Two: Square fan, 150∅  
(220 V AC, single phase) 

Return fan Two: 170∅, PC control communication 
(24 V DC) 

Lighting LED ramp (2 each) 
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has been conducted to acquire PM2.5 
concentration reduction process data for a total 7 
scenarios by applying 3 air volumes (Strong, 
medium, and weak) to 3 operation modes: OFF 
when particulate matter dispersed inside reached 
400 ㎍ / ㎥ , External air inlet, and Internal 
circulation. To unify scale and objectify importance 
of each variable, collected data has undergone 
preprocessing via Normalization and ratio of 60% 
Training data, 20% Validation data, and 20% Test 
data has been allocated.  
 
Table 2:  
Prediction model input variable 

Category Variables 

Indoor 

Temperature, relative humidity, 
PM2.5 concentration, CO2 

concentration, PM2.5 concentration 
change 

Outdoor 
Temperature, relative humidity, 

PM2.5 concentration, CO2 
concentration  

System Operation mode, wind volume 

 
2.3 Prediction model optimization and 
performance evaluation 

Artificial neural network prediction model has 
been developed using Levenberg-Marquardt 
learning algorithm used most universally for 
nonlinear function optimization problem and 
Bayesian Optimization strategy capable of 
stochastically obtaining Input through 
correlation[17]. 1~8 Hidden layers, 10~80 Neurons, 
learning rate 0.01, 0.001, 0.0001 have been set for 
Hyper-parameter search range. Above mentioned 
11 data were entered for input layer, and PM2.5 
concentration after 1 minute is printed out as 
output layer. Learning proceeded to minimalize 
MSE (Mean Square Error) through Back 
propagation.  

Developed prediction model consists of 6 
hidden layers and 56, 56, 56, 51, 64, and 67 neurons 
were set for each hidden layer(Figure 2). Prediction 
accuracy were evaluated by producing RMSE (Root 
Mean Square Error) and Cv(RMSE) (Coefficient of 
Variation of the Root Mean Square Error) for 
correct answer and prediction of Test data. Both 
indicators suggest the closer to 0 they get, the 
higher their prediction accuracy is. After 
commencing prediction for Test data, it showed 
high accuracy with RMSE 0.0052 ㎍ / ㎥  and 
Cv(RMSE) 8.40%(Figure 3). 
 
Figure 2:  
Proposed ANN model structure 

 
 
 

Figure 3:  
Proposed model performance on test data. 

 
 
3. CONCLUSION 

This paper developed artificial neural network 
based indoor PM2.5 prediction model and 
evaluated its performance to improve indoor air 
quality of school facilities. Since prediction model 
developed through establishment and optimization 
of learning data using Mock-up showed high 
accuracy of Cv(RMSE) being 8.40%, it serving the 
purpose of prediction model is plausible. However, 
as it has only gone through learnings under limited 
conditions, there is possibility of its accuracy 
proving to be below expectancy if applied to actual 
site. Therefore, further studies aim to continuously 
collect actual survey data from school facilities 
currently under progress and commence additional 
learning and correction of prediction model. 
Additionally, by applying to optimal ventilation 
control algorithm, such model is expected to be 
developed into more versatile model for various 
environments, capable of not only real-time 
prediction based control but also real-time learning. 
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ABSTRACT: The development of current building energy system operation has benefited from: 1. Informational 
support from the optimal design through simulation or first-principles models; 2. System load and energy 
prediction through machine learning (ML). Through the literature review, we note that in current control strategies 
and optimization algorithms, most of them rely on receiving information from real-time feedback or using only 
predictive signals based on ML data fitting. They do not fully utilize dynamic building information. In other words, 
embedding dynamic prior knowledge from building system characteristics simultaneously for system control 
draws less attention. In this context, we propose an engineer-friendly control strategy framework. The framework 
is integrated with a feedforward loop that embedded a dynamic building environment with leading and lagging 
system information involved: The simulation combined with system characteristic information is imported to the 
ML predictive algorithms. ML generates step-ahead information by rolling-window feed-in of simulation output to 
minimize the errors of its forecasting predecessor in a loop and achieve an overall optimal. We tested it in a case 
for heating system control with typical control strategies, which shows our framework owns a further energy-
saving potential of 15%. 
KEYWORDS: Machine Learning, Control Strategy Optimization, First-principles Model, Building Performance 
Simulation, Energy Efficiency 
 
 

1. INTRODUCTION  
The challenge of climate change shapes the 

shared goal of decarbonatization and sustainability 
globally. As the building sector consumes up to 30-
45% of global energy with the growing trend (Zhong 
et al., 2021), efforts in building system fine control 
and management are recognized to contain 
considerable potential in saving energy (Junker et al., 
2018; Mariano-Hernández et al., 2021). In this 
context, research regarding building control strategy 
development in Building Energy Management 
Systems (BEMS) is drawing attention recently. They 
are classified into two major distinct categories: 
Rule-based Controls (RBC) and Model Predictive 
Control (MPC) (Péan et al., 2019). 

RBC with “if-then” trigger rules serves flexibility 
objectives with substantial performance in load 
shifting, peak shaving, cost reduction by energy price 
response, etc. (Bae et al., 2021). The set-point is 
usually tracked with a traditional PID controller 
(Madani et al., 2013); however, due to its manual 
predefined rules/policies, it is less flexible to 
anticipate optimization with changing external 
conditions. With the recent boom of artificial 
intelligence (AI) and the decrease of computation 
resources cost, MPC surmounts RBC by performance 
and flexibility for its ability of future behavior 
estimation, which in the most case benefited by 

using machine learning (ML) algorithms (Mariano-
Hernández et al., 2021; Mendoza-Serrano & 
Chmielewski, 2014) with its strength of implicit 
pattern learning ability. In this context, MPC 
strategies are developed for further improvement 
via its process-based estimation of defining a specific 
objective function for minimization (Drgoňa et al., 
2020). It is designed to project the future system’s 
behavior and optimize current operation accordingly.  

Meanwhile, the flourishing of AI has led to new 
algorithm adoption of reinforcement learning (RL) 
based on maximizing the set reward function under 
environmental constraints (Sutton & Barto, 2018), 
which has yielded promising results in research 
(Zhang et al., 2018). RL inherits the strength of ML in 
well integrating implicit learning factors to deal with 
external condition changing; however, its modeling 
process requires reprogramming by different 
environments, and the model itself is in a black box 
state, making it less engineer-friendly for 
deployment and interpretation.  

If we carefully inspect the advantages of RL 
compared to MPC, the former learns implicit 
relationships of interactive consequences between 
environment and agent action in a consistent rolling 
time frame. Whereas MPC strategies based on the 
ML model merely emphasize the future information 
input for optimization (Péan et al., 2019). In our 

 

 

opinion, dynamic control is a continuous process 
requires leading (future) and also lagging (historical) 
information simultaneously. In this context, prior 
knowledge embedded with lagging information 
remains underappreciated. For example, a lagging 
signal known as autocorrelation in the field of time-
domain signal analysis has been shown effective in 
extracting pattern information (Fulcher, 2018). In 
this study, we set an objective for research by 
involving: 1. past behavioral patterns as ML 
additional inputs via methods, i.e., differencing, and 
2. Combined ML with prior knowledge embedded 
simulation, to improve BEMS performance in the 
aspect of energy-saving and flexibility.  

To address the abovementioned issues, we 
propose an engineer-friendly, dynamic feedforward 
control strategy (DFC) framework for BEMS by 
integrating ML forecasting and physics-based 
simulation. It carries the advantages of 
understanding historical/future patterns to ensure 
performance in system control while operating in 
advanced energy-efficient behavior. 

 The remainder of this paper is organized as 
follows: Section 2 introduces necessary theories and 
methods for developing forward strategy; Section 3 
describes the setup of a case study with benchmark 
strategies; the result is discussed in Section 4; 
Section 5 outlines the limitations and future work; 
Section 6 concludes the paper. 
 
2. METHODOLOGY 

A general process illustration of the DFC strategy 
is presented schematically in Figure 1. The core of 
this strategy is to train an ML model for capturing the 
dynamic relationship between time-domain features 
of external weather conditions, indoor temperature 
changes, and system control states. 

 
Figure 1:  
Conceptual process illustration of DFC 

 

Note: DFC strategy consists of two predictive models, 
including one for external weather prediction (left) and 
another (bottom) for capturing dynamic behavior between 
system status and in-/external conditions. It operates in a 
simulation-involved loop. 
 
2.1 Physical-based simulation: Modelica 

To complete the desired strategy framework, we 
apply the building performance simulation (BPS) in 
Modelica - an open-source modelling language that 
supports equation-based and object-oriented 
modelling approaches (Fritzson & Engelson, 1998). 
The model is based on thermal network models, in 
which thermal system behaviors are represented 
with resistances and capacitances of an electrical 
system based on the analogy of both systems. The 
German Guideline (VDI 6007-1, 2012) introduces a 
two-element building model considering internal 
thermal masses and outer walls, and this model has 
been evaluated (Lauster et al., 2014). Based on this, 
(Lauster et al., 2015) introduced the three-elements 
model by considering one more element for the floor 
plate. Furthermore, the four-elements model is 
published in the Modelica library AixLib (Müller & et 
al., 2016): by considering excitations from the 
exterior wall, interior wall, floor plate, and roof to 
enable a finer resolution of the dynamic building 
system behavior. For multiple use cases, this model 
can be parameterized based on the corresponding 
databases.  

 
2.2 Machine learning model: boosting algorithm 

To ensure the ML model recognizes implicit 
dynamics in time-series data in the state-of-the-art, 
reviews (Chakraborty & Elzarka, 2019; Chou & Tran, 
2018) point out two current prominent advanced 
algorithm families applied in our domain: neural 
networks (NNs) and boosting algorithms. Since NNs 
usually require case-based network structure design, 
fine-tuning in features of neural nodes, layers, and 
activation functions to guarantee decent 
performance, boosting algorithms own the 
advantage of being “off-the-shelf” without extensive 
preprocessing or tuning required to perform 
accurately with generalization flexibility (Tyralis & 
Papacharalampous, 2021). In this study, we select 
Light Gradient Boosting Machine (LightGBM) as our 
ML models. Further insight and an open-source 
implementation in detail are available in the original 
paper (Guolin Ke et al., 2017). 
 
2.3 Strategy framework 

DFC strategy is implemented as step-ahead 
(stepwise) time-series forecasting, as shown in 
Figure 2. Dynamics is the keyword of this strategy, 
which means the objective of this strategy is flexible 
under different input conditions. For this purpose, a 
feedforward process is introduced to enable 
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predictive models (ML models) to learn the dynamic 
relationships between system states and other time-
domain features in a range of certain time frames. 
We designate this system state forecasting model as 
the target model.  

 
Figure 2:  
Semantic illustration of stepwise time-series forecasting 
with a rolling window 

 
Note: 𝒕𝒕𝒏𝒏  stands for the time step. The rolling window 
means that with the ongoing time, the predive model takes 
the current state and a certain number of past states as 
input to forecast the next step. It learns the dynamic 
relationship in a time-series sequential window. 
 

The core mindset to implementing a feedforward 
process is to combine the forecasted weather 
information (Model 1, Figure 1) with the physical-
based simulation (Model 2, Figure 1)  to obtain the 
synchronous correspondence between future 
weather conditions, indoor temperature (setpoint), 
and system control state (from Model 3, Figure 1). 
These relationships are fed into the system state 
forecasting target model (Model 3, Figure 1), thus 
completing the feedforward loop. 

Furthermore, we design the data input structure 
to ensure that the target model captures the 
dynamics of the indoor temperature variation in 
association with time-domain features in an implicit 
pattern, as presented in Figure 3. The indoor 
thermodynamic behavior usually has hysteresis 
effects on external weather conditions and internal 
load changes, from which the energy-saving 
potential arises. The target model is designed to 
access feedforward (leading) and historical (lagging) 
information within a time-rolling window to make 
each step of the control strategy optimal with the 
consideration of consistency. 

 
Figure 3:  
Data input/ output structure of the target model 

 
Finally, by combining all components together, 

the proposed framework pseudo-code is organized 
as follows: 

Input: {(𝒙𝒙𝒊𝒊, 𝑻𝑻𝒊𝒊)}𝟏𝟏
𝒏𝒏 , in total 𝒏𝒏  sequential set of 

building information features 𝒙𝒙𝒊𝒊  (building feature, 
historical load, weather condition, etc.) with 
forecasted temperature 𝑻𝑻𝒊𝒊 , a differentiable loss 
function 𝑳𝑳(𝑻𝑻, 𝑭𝑭(𝒙𝒙)), number of iterations 𝑴𝑴. 

Algorithm: 
For 𝒊𝒊 = 𝟏𝟏 to 𝒏𝒏: 

If the forecasted temperature in the next 𝑴𝑴 
steps doesn’t fulfill the comfort standard, 
initialize model with a constant value: 

𝑭𝑭𝟎𝟎(𝒙𝒙) = 𝒂𝒂𝒂𝒂𝒂𝒂 𝐦𝐦𝐦𝐦𝐦𝐦
𝜸𝜸

∑ 𝑳𝑳(𝑻𝑻𝒊𝒊

𝑴𝑴

𝒊𝒊=𝟏𝟏
, 𝜸𝜸)                      (𝟏𝟏) 

For 𝒎𝒎 = 𝟏𝟏 to 𝑴𝑴: 
a. Feed 𝑭𝑭𝒎𝒎−𝟏𝟏(𝒙𝒙)  into simulation to get the 

system states output and consequential 
temperature (𝑺𝑺𝒎𝒎(𝒙𝒙𝒊𝒊), 𝑭𝑭𝒎𝒎(𝒙𝒙𝒊𝒊)). 

b. Compute pseudo-residuals: the difference 
between temperature standard and 
intermediate predicted temperature: 

𝒂𝒂𝒎𝒎 = − [𝝏𝝏𝑳𝑳(𝑻𝑻𝒊𝒊, 𝑭𝑭(𝒙𝒙𝒊𝒊))
𝝏𝝏𝑭𝑭(𝒙𝒙𝒊𝒊)

]
𝑭𝑭(𝒙𝒙)=𝑭𝑭𝒎𝒎−𝟏𝟏(𝒙𝒙)

           (𝟐𝟐) 

c. Fit a regression tree to the 𝒂𝒂𝒎𝒎 values and 
create terminal regions 𝑹𝑹𝒋𝒋,𝒎𝒎  for 𝐣𝐣 =
 𝟏𝟏, … , 𝑱𝑱𝒎𝒎 

d. Compute multiplier 𝜸𝜸𝒋𝒋,𝒎𝒎 by: 
𝜸𝜸𝒋𝒋,𝒎𝒎 = 𝒂𝒂𝒂𝒂𝒂𝒂 𝐦𝐦𝐦𝐦𝐦𝐦

𝜸𝜸
∑ 𝑳𝑳(𝑻𝑻𝒊𝒊, 𝑭𝑭𝒎𝒎−𝟏𝟏(𝒙𝒙𝒊𝒊) + 𝜸𝜸)𝒙𝒙𝒊𝒊∈𝑹𝑹𝒋𝒋,𝒎𝒎  (𝟑𝟑)   

e. Update the model with forecasted 
temperature: 

𝑭𝑭𝒎𝒎(𝒙𝒙) = 𝑭𝑭𝒎𝒎−𝟏𝟏(𝒙𝒙) +  𝛎𝛎 ∑ 𝜸𝜸𝒋𝒋,𝒎𝒎
𝑱𝑱𝒎𝒎
𝒋𝒋=𝟏𝟏                  (𝟒𝟒)  

Output: control state sequential {(𝑺𝑺𝑴𝑴(𝒙𝒙𝒊𝒊))}𝒊𝒊−𝟏𝟏
𝒏𝒏  

 
In summary, the novelty, and the performance 

improvement of the DFC strategy come from the 
embedding of physical information dynamically into 
the objective function in the data-driven process, 
which means that the DFC enable: 

• Recognition of encoded building physical 
information from simulation output data by 
the ML model. 

• Combining historical indoor temperature 
changes and states, training the relationship 
between future weather and system states 
through weather leading information 
combined with simulation. 

• Dynamic pattern learning from lagging input 
of external weather conditions, indoor 
temperature, and system states information, 
thus optimizing system control states. 

 
3. CASE DESCRIPTION 
In the case study, we simulate a typical office 
building in Modelica with the standard of the passive 
house (Tian et al., 2018). The model handles solar 
radiation and internal gains, which contain the 
emitted heat from occupants, equipment, and 
lighting. The database parameterizing the office 

 

 

building was validated and has been used in several 
works (Mork et al., 2022; Niederau et al., 2021). The 
office area is 1675 m2 (parameters in Table 1), 
equipped with space heaters and a Viessman heat 
pump with nominal power of 18,5 kW (scheme in 
Figure 4). Models and data are accessible in AixLib. 
 
Figure 4::  
The system scheme of the simulation model 

 
Note: 𝒏𝒏𝒔𝒔𝒔𝒔𝒔𝒔: Relative rotational speed of compressor in the 
heat pump; 𝑻𝑻𝑰𝑰𝒏𝒏𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 : indoor temperature; 𝑷𝑷𝒔𝒔𝒆𝒆 : electrical 
power. 
 
Table 1:  
Parameters of the office building simulation with passive 
house standard 

Parameter Value Unit 
Resistances of exterior walls 1.41·10-4  K/W 
Heat capacities of exterior walls 4.93·108  J/K 
Resistances of floor plate 1·10-3  K/W 
Resistances of roof 1·10-3  K/W 
Resistances of interior wall 1.3·10-4  K/W 

 
      In this simulation, we define two rules for the 
comfort objective in temperature: IF day (7 AM – 6 
PM), THEN the temperature setpoint is 21°C; IF night, 
THEN the temperature setpoint is 19°C. The 
simulation is set under the weather condition of 
Aachen, Germany. The simulated behavior of indoor 
temperature is presented in Figure 5. 
 
Figure 5:  
Indoor temperature behavior without control 

 
 
Based on the set scenario, we implement the 

desired feedforward strategy (DFC) mentioned in 
section 2 for fulfilling the comfort objective. To 
evaluate DFC, we compare it with two Reference 
Control (RC1 and RC2): RC1 is based on a 
proportional-integral-derivative controller (PID). A 
PID employs a responsive correction to a control 
function in real-time and hence the PID-based 
control aims at reducing the difference between the 
set indoor temperature and the measured value. RC2 
features predictive control, which uses leading 
signals by simulation: When the indoor temperature 

is below the set temperature, by cumulative 
increasing nSet in 0.05 step length until the room 
temperature fulfills the comfort objective. All 
predictive strategies are applied in 10-minute time-
step granularity. 

RC2 and DFC strategies require the feed-in of 
future signals for process estimation. We used 
historical Aachen weather with features presented in 
Table 2 with lagging signals of features, and trained 
the ML model for one-step-ahead (as in Figure 2) 
external weather condition prediction with a rolling 
window. The result (plotted in Figure 6) shows high 
accuracy (0.9896 coefficient of determination, or R 
squared). The one step ahead output of air 
temperature is then merged into MPC strategy and 
DFC strategy model training and control (as in Figure 
3).  

 
Table 2:  
Weather features 

Input feature Description 
temp Air temperature (℃) 
dew Dew point (℃) 
hum Relative humidity (%) 
pres Atmospheric pressure (hPa) 
winds Wind speed (m/s) 

 
Figure 6:  
Weather forecasting result 

 
4. RESULTS 

Table 3 shows a quantitative comparison of 
energy consumption within three strategies, while 
Figure 7 plots them in nSet, indoor temperature, and 
heat pump coefficient of performance (COP), 
respectively.  

 
Figure 7::    
Comparison of performance results in different strategies.  
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Table 3:  
Comparison of electrical energy consumption in different 
strategies 

Strategy Energy consumption 
RC1 (PID-based) 0.305 kWh/day per m2 
RC2 (predictive) 0.273 kWh/day per m2 
DFC  0.251 kWh/day per m2 

Note: Calculated based on the daily average from Figure 7. 
 
The quantitative result shows that compared to 

RC2 and DFC, RC1 performs the least efficient 
control. We conclude the reason from the subfigure 
of nSet in Figure 7: With no future signal feed-in for 
process optimization, the PID-based RC1 causes 
oscillation at the temperature set point against 
temperature changes. Furthermore, because of its 
real-time response to temperature changes, a stable 
temperature curve is observed during daylight. The 
cost of this fine regulation results in a large amount 
of energy consumption by keeping the compressor 
running with oscillation to maintain the temperature 
above the minimum setting. 

Compared to the RC1 control, RC2 performs in a 
more promising behavior with 10.5% lower energy 
consumption. The difference is that RC2 utilizes 
predictive leading signals of indoor temperature to 
regulate the energy system in less oscillation 
behavior and total energy consumption. However, 
RC2 has more spikes in regulation (nSet). 

The DFC strategy fulfills the comfort objective 
with a further advantage in energy-efficient control: 
17.7% reduced energy consumption. Due to 
combined information from lagging and leading 
signals, DFC comprehends dynamic time-domain 
behaviors well and produces smoother control states 
with less overshooting. In return, the temperature 
curve is not strictly aligned with the standard with 
±0.5°C fluctuation. The reason for this phenomenon 
is two-fold: the unpunished temperature 
overshooting behavior in the algorithm, and the 
accumulated inaccuracy of signals because of two 
ML models involved DFC strategy, including one for 
external weather prediction (Model 1 in Figure 1), 
and another for capturing dynamic behavior 
between weather, indoor temperature, and energy 
system states (Model 3 in Figure 1).  

The highlight of the DFC is a new control pattern 
observed in Figure 7: Before the set temperature 
changes in the morning, we observed the DFC start 
the regulation in the time between RC1 and RC2. It 
means that the DFC strategy learns dynamic 
relationships among time-domain features in-depth 
by rolling stepwise training from physics-informed 
simulation. Furthermore, compared to RC1 or RC2, 
the DFC strategy tends to decompose a substantial 
change (upward or downward spike) into two to 
multiple small spikes. By taking both lagging and 

leading information into account, the strategy raises 
small spikes to preheat the room with continuous 
control sequence to ensure indoor temperature 
changes within the set frame.  

 
5. DISCUSSION 

This section discusses the strategy adaptability, 
limitation, and future development prospect.  

DFC strategy is designed to fill the gap in the 
current MPC-based strategy by combining the 
physical-based simulation and data-driven models. 
The general framework design aims to fully utilize 
the domain knowledge (building characteristics) 
encoded in the simulation model and the implicit 
pattern (time-domain dynamic relationships) 
recognition ability of ML. More specifically, it makes 
the prior-knowledge validation accessible in the loop 
of the data-driven optimizing process. This mindset is 
applicable in general engineering domains. Within 
the scope of BEMS control optimization, we’ve 
proved its effectiveness with good interpretability. In 
this aspect, we encourage investigations in different 
scenarios to validate its performance robustness.  

In this study, the setup scenario with external 
weather conditions, indoor temperature, and system 
status in the framework is relatively simple. DFC has 
the same potential as MPC to be extended in 
complex scenarios to achieve control strategies 
under different objectives, such as minimization of 
cost, CO2 intensity, non-renewable primary energy, 
etc. by customizing the objective function. 

Although the strategy shows advantages from an 
energy-saving perspective, the process of model 
training requires efforts in case-based simulation 
modeling. In this context, the trade-off investigation 
between modeling detail and performance is 
necessary. Future works in constructing a general 
simulation framework for a certain type of buildings 
to fit a broader range of application scenarios are 
meaningful.  

 
6. CONCLUSION 

In this study, based on current limitations in 
BEMS control strategies, we proposed a dynamic 
feedforward strategy to achieve stepwise rolling 
predictive system control, which contains two 
novelties: integration of physical-based simulation 
with engineer-friendly ML models, and utilization of 
leading and lagging indicators with physics-informed 
information, to conduct consistent and energy-
efficient control signals. The designed case shows 
that the proposed strategy outperforms PID-
controller and MPC-based reference strategy in 
terms of BEMS control and optimization. Under the 
general trend of digitalization and data-driven model 
application, the domain knowledge integration from 
the perspective of informed ML methods should 

 

 

raise further attention within our community to 
contribute to the objective of sustainable 
development. 
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ABSTRACT: The European Union has set the goal to be the first climate neutral continent by 2050. Sweden aims at 
reaching that goal by 2045. 23 Swedish pioneer municipalities - together accounting for 40% of Sweden’s 
population – are even more ambitious and aim for that goal by 2030. Globally, buildings and the construction 
sector account for almost 40% of global greenhouse gas emissions. Currently, roughly three quarters of buildings 
in the EU are not energy efficient, yet 85-95% of today’s buildings will still be in use in 2050. Therefore, to reach 
our climate goals, the existing building stock needs to be significantly upgraded. Despite this, there is a lack of 
demonstrated cost-effective energy renovation solutions in Sweden that leads to yearly net-zero carbon emission 
buildings. This paper describes an energy renovation concept for residential multi-family buildings. The concept is 
based on prefabricated multifunctional façade elements with added insulation and integrated systems for 
ventilation, heat recovery and renewable energy. Within this study, a life-cycle analysis is carried out to investigate 
the possibility of achieving a net-zero carbon emission building after renovation. The main results show that, 
depending on the definition and assumptions, the renovation concept leads to net-zero carbon. 
KEYWORDS: Energy, Renovation, Carbon neutral buildings, Life-cycle analysis 
 
 

1. INTRODUCTION 
To wisely use the greenhouse gas emissions that 

we have left to emit is probably the biggest challenge 
of our generation. The ambition taken by 23 cities in 
Sweden, within the Viable Cities programme, to reach 
climate neutrality in 2030 is among the most ambitious 
in the world [1]. Although it is well known that to 
decarbonize our cities the existing building stock 
needs deep intervention, there is a lack of 
demonstrated cost-effective energy renovation 
solutions in Sweden that leads to yearly net-zero 
carbon emission buildings.  

Several projects in Sweden have dealt with deep 
energy-efficient renovations using prefabrication. 
Within the IEA research project Annex 50 
“Prefabricated Systems for Low Energy Building 
Renewal”, demonstration projects were carried out, 
which showed potential to meet economy and energy 
efficiency goals with multifunctional façade solutions 
[2]. An integrated heating system and a newly 
developed active solar energy system were applied to 
an apartment building [2]. Some projects also 
considered economic and environmental impacts. For 
example, the EU-funded “RetroKit“ project developed 
and demonstrated in three pilot projects (Spain, 
Germany and Sweden), multifunctional, modular and 
low-cost prefabricated modules [3], [4]. Another 
example is the project “Industrial Energy Efficient 
Retrofitting of Resident Buildings in Cold Climates“, 
also known as “E2Rebuild“, which carried out seven 

demonstrations in Germany (2), Finland, France, 
Sweden, the Netherlands, and England [5]. This project 
showed significant energy savings in all 
demonstrations. All but two used a prefabricated 
wooden stud facade, which was mounted on the 
outside or replaced the existing facade. Several 
aspects were analysed in the project such as social 
sustainability, life cycle analysis, energy saving, and 
economics. The conclusion from the project was that 
it is possible to reduce carbon dioxide emissions from 
a building through an energy and cost-effective 
renovation without risking the indoor environment or 
social aspects during the construction process [5].  

This study builds on a previous research project, 
that theoretically investigated a cost-effective and 
large-scale applicable concept for façade renovation of 
Swedish multi-family buildings based on prefabricated 
multifunctional facade elements, including added 
insulation with integrated systems for ventilation, heat 
recovery and renewable energy [6], [7]. The proposed 
façade elements are illustrated in Figure 1. These are 
to be installed on the outside of the building envelope. 
The existing exhaust ventilation ducts are reused, and 
new supply air ducts are integrated into the façade 
modules within the insulation. The ventilation system 
includes an air handling unit with heat recovery on the 
roof that effectively decreases the energy use for the 
ventilation air and increases thermal comfort indoors. 
The suggested construction for the façade elements is 
based on wood studs with insulation.  

 

Results from this project showed that, under 
certain conditions, the energy renovation concept 
could lead to a net-zero energy building in a cost-
effective manner [8]. The greatest advantages of 
prefabricated façade solutions include reduced 
renovation time and fewer disturbances to the 
tenants. Often the tenants do not need to be 
evacuated during the renovation as the work is mostly 
carried out on the outside. Such results are in line with 
previous related projects. 

However, the previous investigation focused on 
the energy use accounted for during operation; carbon 
emission from materials used during the renovation 
was not investigated. While there has been much 
focus on reducing operational energy use in new 
buildings, the same cannot be stated regarding climate 
impact from the building production/renovation 
phase. Recent studies show that building production 
accounts for 20-85% of the total climate impact in new 
construction, depending on the choice of the analysis 
time-period and energy use [9]. Although energy 
efficiency is important, reducing emission from 
building material and processes is very relevant and 
impacts CO2 in the atmosphere when we need it the 
most – right now. 

This study investigates whether the proposed 
renovation concept can lead to net-zero carbon 
emission buildings, illustrated by a case-study in 
Sweden. 

 

       

     
Figure 1. Concept visualization of the prefabricated façade 
modules, including added insulation, supply air ducts, and 
heat recovery. 

 
2. METHODS 
2.1 Case-study building and previous studies 

The case-study building is a multi-family building 
representative of the construction boom during the 
post-war period in the 1960s and 1970s. During this 
period the need for housing was very high, leading to 
the use of some level of prefabrication in building 

construction. These buildings generally present high 
energy use and poor thermal comfort. Moreover, 50 
years have passed since they were built, and a large 
share of these buildings need renovation due to wear 
and tear. This poses a good opportunity to carry out an 
energy renovation as well. The selected case-study is a 
real building consisting of 105 apartments distributed 
by nine floors and a total of 9235 m2 of heated floor 
area. This high-rise building typology was chosen for 
this analysis as the fraction of roof to heated floor area 
is lower than smaller low-rise buildings. This decreases 
the available space for installing photovoltaics per 
floor area, which may limit the possibility of reaching 
carbon neutrality. Moreover, since supply air ducts are 
placed within the façade modules and led to each 
apartment, heat losses from supply air are larger due 
to longer duct paths to the apartments at the ground 
floor. This case-study is, in other words, a "worst-case 
scenario" for the present analysis.  

Within the scope of previous studies, the 
renovation concept was investigated in terms of 
energy performance during operation and costs [6]–
[8]. The energy use of the building was modelled using 
the software IDA-ICE, see Figure 2 [10]. Previous 
results showed that the specific energy use (heating, 
domestic hot water, and property electricity) could be 
reduced from 142 kWh/m2/y before renovation to 62 
kWh/m2/y after renovation (Figure 3) [6]. If considered 
that the building was in need of an “anyway” 
renovation of the façade and roof due to wear and 
tear, and that such costs could be discounted from the 
energy renovation, the life cycle cost analysis showed 
that the renovation would be profitable [8].  

 

 
Figure 2. Illustration of the building model in IDA-ICE. 

 

 
Figure 3. Specific energy use before and after renovation 
investigated in a previous study [6]. 

 
2.2 Life-cycle analysis 
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The renovation concept reduces the building 
energy use and therefore its climate impact during 
operation but increases the climate impact during the 
construction stage due to added materials, 
transportation, and installation work. Therefore, it is 
relevant to investigate the climate impact of the 
proposed renovation concept and what the 
requirements are to achieve a net-zero carbon 
building after renovation. There are several carbon-
neutral definitions for new buildings such as “Zero 
Emission Buildings” by The Research Centre on Zero 
Emission Buildings, “Carbon Neutral Buildings” by 
White Arkitekter, and “NollCO2” by The Swedish Green 
Building Council [11]–[13]. There is however no 
current definition commonly applied to renovation in 
Sweden. 

 The Swedish construction sector's Environmental 
Calculation Tool [14] was used for the calculations, and 
System Advisor Model for solar electricity production 
[15]. The NollCO2 method from the Swedish Green 
Building Council was the definition of net-zero carbon 
building used within this renovation case-study. 
According to this definition, the life-cycle analysis 
(LCA) accounts for climate compensation measures 
(offsets) beyond the building's system boundary, i.e., 
sold electricity to the grid. As a sensitivity analysis, the 
LCA was also carried out without accounting for such 
climate compensation.  

The LCA followed a commonly used approach: 
definition of goal and scope; inventory; calculation of 
climate impact; interpretation of results [16]. 
Calculations were based on global warming potential 
accounting only for CO2 emissions following the 
standard EN 15978 that describes the life cycle stages 
of a building. According to the carbon neutral 
definition by NollCO2, module C "end of life" and 
module D "impacts outside the system boundary" are 
excluded from the analysis. Furthermore, water use 
was excluded from the LCA, and it was assumed that 
no additional renovation was needed within the 
analysed time-period 2020-2050. Other relevant 
assumptions within LCA are the following:  
• A1-A3: Environmental Performance Declarations 

(EPD) for each material were accessed by the 
national database included in the Swedish 
construction sector's Environmental Calculation 
Tool [14]. No EPD was available for the specially 
designed ventilation system with supply air ducts 
within the prefabricated façade elements and the 
air handling unit (heat exchanger). Its global 
warming potential was estimated based on the 
weight of all materials of the ventilation system: 
length of ventilation ducts, number of elbows and 
joints, air diffusers and air handling unit [6]. 

• Stage A4: default transport scenarios for materials 
in Sweden ranging between 150-400 km by diesel 

truck and 40 km from local distributor to 
construction site, depending on the material; 

• Stage A5: generic data for "site operations" for 
new buildings within the Nordic countries 
including soil waste, construction wood waste, 
metal waste, other construction waste, diesel and 
electricity use on-site. Since such activities are 
significantly less extensive within renovation, it 
was assumed that 25% of the generic data value 
would be reasonable. Most probably, such an 
assumption is still over-dimensioned [17]. 

The most relevant consideration that stands out 
from this LCA is the assumption by the NollCO2 method 
that excess solar electricity delivered to the electric 
grid compensates (offsets) the climate impact of the 
building's life cycle. The climate impact of delivering 
renewable electricity to Nordpool's Nordic electricity 
market is considered equivalent to the avoided 
greenhouse gas emissions (GHG) of fossil electricity 
production that are part of the market's electricity 
mix. As part of the NollCO2 method, it is considered 
that solar electricity can be purchased at a lower price 
than the most expensive electricity in the market, 
which is coal power. Solar electricity is therefore sold 
instead of coal power in Nordpool. Coal power was 
produced during all hours of 2019 and could therefore 
always be replaced by solar power produced along the 
year. While it can be debatable whether this may 
always be the case in the future, statistics show that it 
was the case during 2019. According to NollCO2, this 
also means that the climate compensation value of 
renewable electricity in Nordpool can be always 
considered the same during the whole year since coal 
power is always being replaced, and an average value 
during the year can be used. The estimated CO2 
intensity from electricity supply technologies of coal 
power from IPCC (2014) was 820 gCO2e/kWh (Table 
A.III.2 [18]). The estimated life cycle-based CO2 
intensity of solar power production was 41 
gCO2e/kWh (Table A.III.2 [18]). This means the climate 
compensation effect of delivering solar electricity to 
the grid is the difference between those two values: -
779 gCO2e/kWh (Table 1). This is a key-aspect for this 
analysis. 

Another important assumption is the period of 
validity. According to EU's Green Deal, Europe should 
be climate neutral by 2050. Therefore, NollCO2 
assumes all climate impact of energy use to be 
reduced linearly until then. NollCO2 methodology was 
created to be implemented in new buildings. Within 
this project, it was investigated the impact of such 
methodology in a renovation case study.  

Solar electricity production and property electricity 
energy use were estimated hourly using the System 
Advisor Model [15] and IDA-ICE [10], respectively. This 
made it possible to investigate the annual percentage 
of solar electricity production consumed on-site 

 

(avoids climate impact of electricity use) and delivered 
to the grid (climate compensation).  
 
Table 1. Global warming potential of energy use during 
operation, installation of photovoltaics, and climate 
compensation of solar electricity sold to the grid. 

Inputs  NollCO2 
methodology 

District heating  
(gCO2e/kWh) 60 [19] 

Electricity use 
(gCO2e/kWh) 22 [19] 

Installation of photovoltaics 
(gCO2e/kWh) 41 [18] 

Climate compensation of solar 
electricity delivered to the grid 

(gCO2e/kWh) 
-779 [19] 

 
 

3. RESULTS 
The LCA results show that, when climate 

compensation measures are considered according to 
the NollCO2 method from the Swedish Green Building 
Council, it is possible to achieve a net-zero carbon 
building by implementing the proposed renovation 
concept with photovoltaics on the roof of the case-
study building. When climate compensation measures 
- as defined in NollCO2 - are not considered at all, the 
goal of net-zero carbon emissions was not reached. 
Even without photovoltaics, the accumulated global 
warming potential of the renovated building was 
significantly reduced by 50% compared to not carrying 
out any energy renovation at all. Without accounting 
for climate compensation measures, the climate 
impact after renovation including the installation of 
photovoltaics was reduced by 44%. The renovation 
and installation of photovoltaics increase the climate 
impact of the building during the product and 
construction stages (A1-A5.1) with approximately 10 
kgCO2e/m2 but contribute to decrease the 
environmental impact during operation by -143 
kgCO2e/m2. These results are illustrated in Table 2 and 
Figure 4. 

The fraction of annual solar electricity production 
estimated to be consumed on-site was 23% and its 
climate impact was accounted for by avoided 
emissions from the Swedish electricity mix. The 
climate impact of the remaining 77% was either 
disregarded or accounted for as climate compensation 
measures replacing coal production in the electricity 
market. The photovoltaic installation was optimized 
regarding its tilt from horizontal, azimuth, and ground 
coverage ratio. Its size was determined to offset the 
accumulated climate impact of the building resulting 
in net-zero carbon during the study period. The total 
occupied roof area was roughly 68%, with a ground 
coverage ratio of the solar cells of 50%. Table 3 
describes the PV design parameters. 

Regarding the production stage, the distribution of 
A1-A5.1 are illustrated in Figure 5. Photovoltaics 
contribute to the second largest share of carbon 
emissions, 35% of total within A1-A5.1. 
 
Table 2. LCA results for the several investigated scenarios. 
Cumulative climate impact by year 2050 (kgCO2e/m2/y) 

Without energy renovation measures 143 
With energy renovation measures 

without PV 71 

With energy renovation measures with 
PV 0 

With energy renovation measures with 
PV but no compensation 80 

 

 
Figure 4. Cumulative emissions accounting for climate 
compensation measures according to NollCO2 assumptions. 
 
Table 3. Design parameters of the PV system. 

Parameter PV design Value 
Tilt (°) 35 

Self-shading between rows Yes 
Production (kWh/kWp/y) 890 
Total peak power (kWp) 81 

Fraction of occupied roof area (%) 68 
PV cell area (m2) 395 

Ground coverage ratio 0.5 
 

 
Figure 5. Relative global warming potential of renovation 
materials in stage A1-A5.1. 
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4. DISCUSSION 
There is currently no definition of net-zero carbon 

building renovation. Therefore, an existing definition 
for new buildings was used. NollCO2 methodology was 
therefore adapted to this renovation case-study which 
means that not all criteria were used, such as limits for 
A1-A3 categories. It is important to point out that the 
NollCO2 assumption that excess solar electricity sent 
to the grid is accounted for with climate compensation 
for replacing coal is determinant to the results. This 
greatly favours maximizing the installation of 
photovoltaics and excess in production since the 
climate compensation is high. Interestingly, this is 
normally contrary to cost-effective design of PV 
systems in Sweden where exceeding self-consumption 
is counterproductive to profitability.  

Considering the Swedish electricity mix, PV does 
not offset its own GWP when no climate compensation 
is awarded for excess production sent to the grid. The 
conclusion would change if: the climate impact of the 
electricity mix is higher; the level of self-consumption 
increases; the assumed climate impact of PV is lower, 
such as green PV produced in Europe. 

The design of the renovation concept to reach a 
net-zero carbon building is significantly dependent on 
the definition of carbon neutrality that is used. NollCO2 
methodology favours the use of PV but does not 
account for biogenic carbon, for example. Other 
definitions based on different criteria would probably 
influence the proposed renovation design, especially 
regarding building materials, which illustrates the 
relevance of the choice of the definition. 

 
5. CONCLUSION 

This paper describes an energy renovation concept 
for existing multi-family buildings towards carbon 
neutrality. The concept was theoretically investigated 
in a case-study in Sweden focusing on the life cycle 
analysis (LCA).  

LCA results showed that it is possible to reach a 
net-zero carbon building after renovation and 
according to the carbon neutral definition that was 
used. One important requirement is that climate 
compensation for excess solar electricity sent to the 
grid needs to be accounted for. The definition that was 
used greatly benefits large PV installations for 
overproduction and consequent electricity delivery to 
the electric grid. According to the definition, this 
implies a strong positive environmental impact in the 
LCA since coal electricity production is replaced by 
renewable electricity. Even for this case-study 
consisting of a high-rise multi-family building with 
limited roof space, there was enough roof space for 
the required PV to reach net-zero carbon. Integrating 
PV in the façade modules with lower annual 
performance was therefore not required. 

The decrease of the environmental impact during 
operation due to the renovation far exceeds the added 
climate impact during the construction stage. Without 
photovoltaics, the accumulated global warming 
potential of the renovated building was significantly 
reduced by 50% compared to not carrying out any 
energy renovation at all, from 143 to 71 kgCO2e/m2/y. 
This points out the climate benefits of energy 
renovations, which are in line with previous studies. 

Future work includes the need of a definition for 
energy renovations that leads to net-zero carbon 
buildings. In addition, a full-scale demonstration of the 
renovation concept is recommended as a next step. 
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ABSTRACT: Latin American emerging countries like Chile with their growing economy and energy use present 
new challenges for ecological and social sustainability. Sustainable passive and solar housing, including passive 
cooling and passive solar heating, is a promising strategy to improve thermal comfort in the Mediterranean 
climate of Central Chile with its hot and dry summers and cool, but relatively sunny winters. The evaluation of 
thermal building behaviour is based on extended parametric studies with a test year for Central Chile, prepared 
with an own methodology. Hourly thermal simulations were realized for a reference room and complete houses. 
Correlations between thermal simulations and adapted building code calculations were established and crucial 
building parameters identified. Analysis permitted systematic design recommendations for building elements 
and passive houses in a Mediterranean climate. The latest results and design proposals for simple and advanced 
passive houses show that it's possible to significantly improve the thermal comfort conditions in economically 
accessible dwellings with locally viable technology. Passive design proposals really present an interesting long-
term strategy for sustainable housing based on solar energy. The approach of advanced research methods to 
develop simple flexible concepts is extendable to other Latin and emerging countries and thus can contribute to 
sustainable development. 
KEYWORDS: solar architecture, passive design, thermal comfort, thermal simulation, sustainable building 
 
 

1. INTRODUCTION 
Latin American emerging countries like Chile 

with their growing population, economy and energy 
use present new challenges for ecological and social 
sustainability. Worldwide noticeable climate change 
makes this an even more urgent task. Sustainable 
passive and solar housing, including passive cooling 
and passive solar heating here, is a promising 
strategy to improve thermal comfort in the 
Mediterranean climate of Central Chile in the 
southern hemisphere with its hot and dry summers 
and cool, but relatively sunny winters. German style 
“Passive Houses”, meaning extremely low energy 
consumption in a moderate to cold climate zone 
there, with high tech solutions including automated 
computational control of effective heating and heat 
recovery systems, ventilation and shading in sealed 
houses with extreme levels of insulation on all 
external surfaces, would hardly be viable in Chile, 
other Latin American or poorer European 
Mediterranean countries in the foreseeable future 
for cultural (e.g. combined indoor-outdoor living 
style) and economic reasons combined with the 
technical and economic problems of maintenance.  

Some interesting work on the "next steps" of 
thermal improvement, especially for social housing 
in Chile, exists (e.g. [1], [2]). The objective of this 

research is to go much further with a systematic 
evaluation on how far you can advance with a long-
term passive design strategy and which level of 
thermal design improvements and technology will 
be necessary for thermal comfort. The potentials of 
passive design need to be analyzed comparing the 
efficiency of potentially conflicting strategies to 
resolve comfort problems with heat and cold. 

The latest results of the author's participation in 
an international scientific cooperation and the 
research for his PhD-thesis will offer some answers.   

 
2. METHODOLOGY 

The solutions for sustainable passive housing 
depend on the specific climatic, social and 
economical conditions of the target group and 
region. Accordingly, the investigation was based on 
the concept of applying advanced methods of 
research in order to develop simple and flexible 
concepts and tools for the design of passive houses, 
which can be easily adapted for the implementation 
under varying conditions later. 

The evaluation of thermal building behaviour is 
based on extensive parametric studies on “passive” 
housing design, i.e. without non-renewable energy 
use for thermal purposes. The thermal simulations 
were realized with a test year for Central Chile with 

 

hourly climate data, prepared with an own 
methodology [3] where original hourly climate data 
for Santiago de Chile were combined according to 
monthly mean reference values.  

The evaluation of thermal building behaviour is 
now based on a significantly increased number of 
simulations (in comparison to [5]) for extensive 
parametric studies with the thermal simulation 
program DEROB-LTH, both for a reference room 
(>1100 cases) and for complete (passive) houses 
(>100 houses). Mean daily degree-hours of heat 
Gh26o (max. comfort level 26°C) for the hot period 
(December - February) and mean daily degree-
hours of cold Gh19o (min. comfort level 19°C) for 
the cold period (May - September) could be 
calculated in (Kh/d) from simulation results of 
hourly interior operative temperatures. Therefore, 
in comparison to previous versions, an extended 
range of building elements, passive climatization 
strategies and building parameters can be 
combined and analyzed to propose optimized 
design strategies and recommendations. 

Parallel to the thermal simulations, classic 
building code calculations were adapted and 
applied: simple building characteristics were 
calculated according to (German versions of) ISO or 
European building codes ([4] and related ones); 
necessary characteristic values and correction 
factors were determined with special thermal 
simulations; special simple models for passive 
design aspects, which are not considered in the 
building codes (e.g. night ventilation), were 
established. This way, the calculation methods 
originally created for the description of thermal 
behaviour in winter and the determination of 
energy needs were adapted for the new climate 
zone and extended to identify and determine size 
independent crucial building parameters for passive 
and solar houses with free-floating temperatures in 
the cold and hot period here: gains-to-loss ratio GL 
(dimensionless); time constant  (tau) (h); utilization 
factor   (eta) (dimensionless). Helpfully, these also 
permit a better understanding of design 
optimization for mathematically minded designers, 
engineers and building physicists. As PLEA has a 
mainly architectural focus, I will concentrate my 
analysis here on building elements and thermal 
management like shading and ventilation options. 

 
3. RESULTS 
3.1 Simulations with a reference room  

Each data point in examples (Fig. 1) and (Fig. 2) 
represents the thermal characteristics of a 
reference room considering its construction and 
thermal management (shading and ventilation). The 
correlation functions for the hot and cold period 
connect the building code calculations for each case 

(GLexc, GLeff) with its resulting comfort conditions 
from simulation. 

The "excess-gains-to-loss ratio" GLexc for the hot 
period (“summer”) calculates the relative size of 
heat gains that are harmful to thermal comfort 
compared to thermal losses; it should be as low as 
possible.  

(Fig. 1) shows very good correlation and proves 
that good to perfect comfort conditions can be 
obtained with a large spectrum of designs (lower 
left corner), but a large time constant alone (in well 
insulated, heavy designs) is not sufficient. A 
combination with a small GLexc from effective 
shading and appropriate ventilation is essential for 
summer comfort. 
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Figure 1: Correlation for hot period (December - February)  

indicating range of time constant tau 
 

The "effective-gains-to-loss ratio" GLeff for the 
cold period (“winter”) calculates the relative size of 
heat gains that are useful for thermal comfort 
compared to thermal losses; it should be as close as 
possible to 1. 
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Figure 2: Correlation for cold period (May - September)  

indicating main window orientation N-S-E-W  
 

(Fig. 2) shows very good correlation and proves 
that good to perfect comfort conditions can be 
obtained only with a small subset of designs with: 
northern orientation of main windows to the sun, 
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very low heat losses and optimized solar gains, 
effectively used through high thermal capacity and 
large time constant.  

A second “universal model” is included in (Fig. 
2): it shows an interesting linear connection (with 
slightly reduced correlation) between the daily 
degree-hours of cold for the outside air in the cold 
period (231.6Kh/d for GLeff = 0), i.e. the climate, and 
obvious Gh19o/d = 0 for GLeff = 1 (for mathematical 
reasons), so that it could easily be drawn for similar 
climate zones or considering some climate change 
in the future. 

Additionally these simulation results allowed 
extending the analysis of design parameters as in 
[5] for the hottest and coldest months, now for hot 
and cold periods with a wider range of design 
options. In the following figures some new 
examples are presented: 

The efficiency of passive cooling strategies is 
shown and analyzed in (Fig. 3), depending on 
construction type and respective thermal mass 
(mean value for North and East orientation as West 
is very similar and South of little relevance for 
problems in summer): the curves show the process 
of improving the design from low to optimized 
thermal quality for different basic building types.  
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Figure 3: Efficiency of passive cooling strategies, 
depending on construction and thermal mass,  
mean value for North and East orientation;  
for hot period (December - February)  
 
Wood panel houses with a wooden floor and 

only minimal 80mm of ceiling insulation, typical for 
economic constructions in Chile or even better than 
older ones, present the highest levels of thermal 
comfort problems in summer for all variants as they 
lack thermal capacity, so that night ventilation (NV) 
does not work; solar protection with simple curtains 
however can improve thermal comfort even in this 
case. The addition of thermal capacity with a heavy 
floor for the light house or even more with heavy 
walls of brick or rammed earth results in significant 
thermal improvement for all variants and makes 
night ventilation an efficient strategy because night 

temperatures are low in the dry summer of this 
climate zone. Thermal mass combined with 
adequate ventilation and shading can resolve 
summer comfort problems here without any 
expensive high tech equipment or materials. 

 
Thermal comfort conditions in winter present 

more demanding problems: the efficiency of 
increased direct solar gains as the simplest design 
strategy for the cold period is shown in (Fig. 4) and 
(Fig. 5). Northern orientation of direct gain windows 
offers the best potential due to the better 
availability of solar radiation (see Fig. 2).  
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Figure 4: Efficiency of increased direct solar gains  

for different N window types and   
depending on thermal mass;   
for hot (December – February, “summer”) and  
cold period (May – September, “winter”)  
 
Insulation levels in (Fig. 4) are basic and limited 

to a ceiling insulation of 80mm except 150mm for 
the passive proposal, 70mm for insulated wood 
panel walls and 100mm for the passive proposal 
walls of rammed earth. Thermal mass is increased 
step by step as indicated. Just as in summer, you get 
the worst problems in winter by a large margin 
without thermal mass and no matter how big or 
good windows are; even big double glazed windows 
are practically useless. With thermal mass from a 
heavy floor and eventually heavy walls you are 
rewarded with considerably reduced thermal 
problems in summer and winter. Now the 

 

improvements of window size and quality have a 
considerable positive effect on thermal comfort in 
winter; however, big resp. max. windows with low 
thermal losses can cause problems in summer if 
they are not compensated by further improved 
solar protection. The passive proposals with high 
thermal mass and improved insulation levels are 
good and big (not max.) low IR emissivity windows 
are best for summer and winter comfort combined, 
but the difference in winter to cheaper, big or max. 
size, double glazed windows is small. 
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Figure 5: Efficiency of increased direct solar gains  

for big N window of different types (glazing)  
with improved wall insulation and   
depending on thermal mass;   
for hot (December – February, “summer”) and  
cold period (May – September, “winter”) 
 
Based on these results, (Fig. 5) considers only 

design options with (just) big windows for direct 
solar gain and insulated walls for reduced thermal 
losses in winter: thermal comfort still varies widely 
with thermal mass and window quality. Where 
indicated for the series, wall insulation for wood 
panels is 70mm, for rammed earth 26mm and 
100mm for the rammed earth walls of the passive 
proposals. The thermal behaviour in summer 
follows the already shown importance of thermal 
capacity and - to a minor degree - simple glazed 
windows show less problems than double glazed 
ones; with heavy floors and insulated / heavy walls 
thermal problems in summer disappear. Comparing 

the winter series, the positive effect of reduced 
thermal losses in the sequence “simple window > 
simple window with wall insulation > improved 
window (without insulation) > improved window 
with wall insulation” is clearly shown. Here, “simple 
window” means simple glazing for all design 
alternatives except passive with double glazing; 
“improved window“ means double glazing for all 
design alternatives except passive with low IR 
emissivity glazing. Moreover it’s clearly shown that 
in winter improved windows are more important 
and efficient than additional wall insulation because 
they present the surfaces with highest losses; the 
combination of both is obviously the best design 
proposal. These priorities remain valid for all the 
materials and thermal mass alternatives considered 
here.  

It is important to resume that simple and still 
affordable passive proposals can resolve thermal 
problems, both in summer with efficient night 
ventilation and solar protection and in winter with 
minimized heat losses and direct solar gains. 

 
3.2 Simulations and comparison of design options 
for complete houses and their thermal behaviour 

Another series of hourly thermal simulations 
was realized and comfort conditions were analyzed 
for complete houses, considering the most 
interesting parameter combinations ranging from 
conventional “normal” designs to thermally 
improved and passive design proposals with varying 
strategies in (Fig. 10) and (Fig. 11).  

The design graphs of the houses were generated 
directly with the simulation program and show its 
geometric model in (Fig. 6) to (Fig. 9) for the 
latitude, date and hour indicated in the graph (15th 
of July representing the coldest month), seen from 
the sun’s position (orange/red: walls and floor seen 
from inside/outside, blue: windows, yellow: shading 
elements including shading effect of thick walls 
made of rammed earth - at least 430mm thick 
depending on external insulation with the windows 
in the centre). Roof surfaces are not shown, so that 
the interior distribution of rooms and windows on 
the opposite side of the house remain visible.  

 
Figure 6: Standard rammed earth house with shading 

(always shown here without roof from sun’s position,  
front: north side; representing coldest month) 
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Figure 7: Passive house, rammed earth with shading:  

with Trombe wall on right side for bedroom 
 

 
Figure 8: Passive house, rammed earth with shading:  

with winter garden in front on the north side 
 

 
Figure 9: Passive house, rammed earth with shading:  

optimized for direct solar gains in winter 
 
The simulation results presented in (Fig. 10) and 

(Fig. 11) are for the living room (the big centre one) 
and the bedroom in front seen on the right side; 
both have windows on the same main façade with 
its orientation as indicated for the houses. 

(Fig. 10) offers an overview of the range of 
design options and proposals in four groups 
(separated by green bars):  

Conventional “normal” designs with arbitrary 
orientation (as usual in Chilean reality) and no fixed 
shading present heavy thermal comfort problems 
both in the hot and cold period: the first group of 
light houses presents the worst problems in 
summer, the second with brick walls improves 
summer problems a bit due to thermal capacity, but 

maintains severe thermal comfort problems in 
winter. Due to their lack of shading and proper 
ventilation strategies and excessive heat losses in 
winter these serve as a reference and starting point 
for the following improvements.  
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Figure 10: Thermal quality of normal, improved and 

passive houses: for hot (>0) and cold period (<0)  
 
Simple design modifications for different basic 

construction materials in the third, improved group 
with better thermal capacity, proper north 
orientation and fixed / mobile solar protection can 
resolve summer problems. Comfort conditions in 
winter can be improved with reduced heat losses 
and increased solar gains combined with proper 
orientation and thermal capacity.  

Finally, passive design options with perfect 
conditions in summer and practically perfect 
conditions in winter are proposed. They are based 
on optimized thermal insulation in walls, roof and 
windows combined with efficiently used direct solar 
gains.  

(Fig. 11) permits analyzing the efficiency of 
different solar gain strategies for light and heavy 
houses: all improved wood panel houses (except 
the normal one) in the first group have 150mm wall 
and ceiling insulation, heavy interior walls and floor, 
night ventilation (NV) as indicated and advancing 
improvements from left to right, but only double 
glazing has a considerable effect, whereas increases 
in solar gains from an attached winter garden or 
bigger “direct gain” windows have little additional 
effect due to a still lacking thermal capacity. This 
deficiency is underscored by small indications of 
overheating in summer for direct gain here. 

The two groups with earth walls and no 
additional wall insulation (!) show the effectiveness 
of direct solar gains in these simple solar houses, 

 

where “light rammed earth” maintains a very high 
thermal capacity but improves on heat losses with 
its lower density material. 
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Figure 11: Efficiency of solar gain strategies   

for light and heavy houses: normal to passive/solar  
for hot period (>0) and cold period (<0)  
 
The last group with earth walls plus 200mm of 

external insulation and high quality, low IR 
emissivity windows shows the positive effect of 
minimized heat losses in winter. High thermal 
capacity permits efficient use of solar gains from a 
Trombe wall or an attached winter garden, but 
direct solar gains clearly represent the most 
efficient strategy and at the same time the simplest 
design proposal for a comfortable passive house. 

 
3.3 Challenges and possibilities for dissemination 

Sustainability in the housing sector has three 
main and equally important dimensions:  
• ecologic sustainability: energy efficiency and use 

of renewable energies, low emissions, but also 
low-impact building materials; 

• economic sustainability: cost of construction, 
maintenance and energy, local economic 
development; and - often neglected -  

• social sustainability: effective access and 
participation for all people, not only the 
(economically) privileged. 
All design proposals are technologically viable 

for Chile and other countries of comparable 
economic level, but - intentionally - many improved 
and all passive design proposals go beyond the 
“next step” of thermal improvement and 
development in the housing sector as discussed for 
example in [1] and [2]. A strategy for the 
dissemination and effective implementation of 
these innovative proposals still requires a lot of 

effort for investigation, constructive improvements, 
extension of design proposals to other regional 
climate zones and pilot projects etc. but also 
inclusion in university curricula in engineering, 
architecture and building physics. Another 
important element will be “extension” in the sense 
of the Latin American university concept, meaning 
information and training (‘capacitación’ in Spanish) 
offered and directed to people and organizations 
beyond the universities for the benefit of the 
society as a whole. This will be essential to create, 
improve and organize the economic, legal and social 
conditions for dissemination. 

 
4. CONCLUSIONS 

The analysis here offers clear priorities and long-
time perspectives for thermal improvement with 
passive strategies. The detailed design proposals for 
simple and advanced solar and passive houses 
prove that it is possible to improve significantly the 
thermal comfort conditions in economically 
accessible dwellings with locally viable technologies 
in a Mediterranean climate. The methodological 
approach of advanced research to develop simple 
and flexible design concepts is extendable to other 
regions, contributing to sustainable development.  
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Passive design optimization towards Nearly Zero Energy 
building requirements 

Operational performance of a low energy office building  
in a continental semi-arid climate. 
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ABSTRACT: Greenhouse gas emissions reductions in buildingsby cutting energy demand and increasing energy 
efficiency turns up as a possible response path to Climate Change. Nearly Net Zero Energy Buildings (nZEB) also 
integrate renewable energy (RE) technologies integrated in architectural design pursuing a nearly zero balance 
between energy demand and energy production. The present study investigates the operational performance of 
a low energy office building in a continental semi-arid climate, and the integration of passive and active design 
strategies to meet nZEB requirements. It focuses on the study of the thermal and energy performance of the 
building under summer conditions. Environmental measurements were performed during the year 2021. 
Meanwhile, ER generation data was collected. A simulation model was developed in Energy Plus software. 
Results show that the lack of adequate solar protections favours the overheating of the interior spaces during 
the hours in which the solar radiation falls directly on the façade. Regarding energy demand, there is a high 
consumption of electricity for the air conditioning to maintain indoor thermal comfort. The model was run 
improving the passive strategies of night ventilative cooling and solar protection. A consumption lower than 30 
kWh/m2/year was achieved through the passive design optimization proposal meeting nZEB requirements. 
KEYWORDS: nZEB, office building, passive strategies, sustainability. 
 
 

1. INTRODUCTION 
With further global warming, every region is 

projected to increasingly experience concurrent and 
multiple changes in climatic impact-drivers. It is 
virtually certain that hot extremes (including 
heatwaves) have become more frequent and more 
intense across most land regions since the 1950s, 
while cold extremes (including cold waves) have 
become less frequent and less severe, with high 
confidence that human-induced climate change is the 
main driver of these changes. Some recent hot 
extremes observed over the past decade would have 
been extremely unlikely to occur without human 
influence on the climate system. [1] 

According with Becchio et al. (2016) concerning 
the building sector, greenhouse gas emissions could 
be reduced by around 90% by 2050 compared to 
1990.And, the most immediate and cost-effective 
way of achieving this target is through a combination 
of cutting energy demand in buildings through 
increased energy efficiency and a wider integration of 
renewable technologies. [2]Regional and local studies 
also report reductions between that might reach 90% 
in theory. [3, 4] The reduction percentage varies 
mainly with materiality, typology and orientation, 

assuming an active user is operating correctly passive 
and active strategies integrated the building. 

In the light of this situation, nearly Zero Energy 
Buildings (nZEB) turn up as a possible response path, 
especially in countries where the socio-economic 
context and the policy framework are not adequate 
for Zero Energy Buildings (ZEB). 

The use of adaptive comfort models for nZEB can 
significantly reduce energy consumption and make it 
easier to achieve annual energy neutrality. [5] 
Previous research suggest that in continental semi 
dry areas, characterized by cold winters, hot 
summers, and a large number of clear sky days, it is 
necessary to adopt compromise solutions that 
combine blockage of the solar resource in summer 
with guarantee of full access in winter.[6] These 
climates are specially challenging because of their 
temperature’s daily variations that can reach gaps of 
20°C, especially in the mid seasons. Therefore, the 
need of solar radiation blockage varies several times 
within a single day. 

Energy consumption is linked to comfort 
standards, considering sustainability in determining 
the interior climate of buildings and, consequently, 
preferring available low-energy solutions.[7] These 
requirements are met by nZEB buildings, which have 

 

a high performance in terms of energy efficiency. 
Also, the annual consumption of primary energy is 
supplied in a very significant way by energy from 
renewable sources, whether produced on site or 
nearby.  

Energy consumption for heating and cooling is 
usually the most compromised in buildings, so the 
reviewed literature proposes achieving savings in 
nZEBs between 25% and 50%, limiting energy 
consumption to 30 kWh/m2/year.[8] Local research’s 
findings show that in the case that insulation, solar 
protection and night ventilative cooling passive 
strategies were integrated to the building and used 
correctly, a reduction in summer energy consumption 
for space conditioning can be reduced from up to 
60%. [3] 

The present study investigates the operational 
performance of a low energy office building in 
continental semi-arid climate, and the integration of 
passive design strategies to meet nZEB requirements. 
It focuses on the study of the thermal and energy 
performance of the building under summer 
conditions. 
 
2. METHODOLOGY 
 
2.1 Case study. 

A low energy office building has been chosen as 
case study due to its potential to achieve nZEB 
requirements. It is locatedin Godoy Cruz, Mendoza, in 
central-western Argentina (32º 93’ South Latitude, 
68º50’ West Longitude and 750masl). Mendoza has 
adry temperate cold climate (Bwk) accordingto the 
Köppen-Geiger classification [9]. 

The monthly mean temperatures in winter are 
0.8°C (min) and 15.7°C (max) and in summer 
17.4°C(min) and 32.3°C (max). With large thermal 
daily variations, from 10°C to 20°C. Mean relative 
humidity in summer is 63 % and in winter is 49%. 
Global solar radiation according to the surface 
orientation in winter –July in the South Hemisphere- 
is 10.2 MJ/m2 and in summer -January- is 26.1 MJ/m2. 
The predominant winds are from the southwest and 
west with 30% of calm days within a year. Annual 
rainfall is approximately 200 mm. 

The building is located in a technological pole with 
medium height neighboring buildings. The built area 
of 1,069.57 m2 is developed in 4 levels with a ground 
floor of 300 m2. Its design integrates an efficient 
envelope and the production of renewable energy 
from photovoltaic panels on the roof, connected to 
the external grid. Figure 1. 

The opaque envelope is composedbybrick walls 
(0.20m thick), a reinforced concrete (RC) structure 
and a thermal envelope with an insulation 
component. The structural RC floor slabs (0.20m 
thick) have interior plasterboard ceilings with glass 
wool insulation. Floor finishes are of porcellanato. 
The interior wallsare made of plasterboard with glass 

wool. Fenestration is a double 6+9+6 glazing system. 
The roof is made of galvanized steelwith injected 
polyurethane (0.05m thick). 
The thermal transmittance(U) of the building 
envelopeelements are;  
• Structural RC floor slabs  = 2,27 W/m2k 
• Brickwall + EIFs = 0,43 W/m2k 
• Double glazing system= 1,96 W/m2k  

 
Figure 1:  
North façade of the case study. Source: author’s own. 

 
 

2.2 Monitoring:    
On-site measurements collect data allowing the 

quantification of the building’s thermal performance. 
They provide information about air and surface 
temperatures and environmental humidity. [10] 

Environmental measurements were performed 
during the year 2021 in summer (January), fall (April), 
winter (July) and spring (October). In each period of 
30 days, the occupation level was registered. For this 
work, the summer period corresponding to the 
month of January was analyzed. 

The indoor and outdoor thermal parameters 
including air temperature(°C), relative humidity (RH), 
and horizontal solar radiation were measured. 

Horizontal solar radiation was recorded in the 
research center located nearby with a pyranometer 
KIPP & ZONEN CM5. The pyranometer is located in a 
roof away from shadows and horizontal obstacles and 
records data every minute. 

Air temperature and relative humidity were 
recorded with 11 micro-data loggersONSET HOBO 
U10. They were located away from elements with 
mass and hung at a height of 2m from the floor. 1 
data logger was placed in the exterior to measure 
microclimatic conditions (Figure 2); and the rest was 
distributed in the four floors in offices with different 
orientations and different plan configurations (open 
plan office or individual office – BOX A) to record 
interior temperatures Figure 3.  

The interval for data collection was set at 15’ and 
the information was processed with the HOBO ware 
pro and Excel programs.  
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Figure 2:  
Exterior data logger location. Source: author’s own. 

 
 
Figure 3:  
Interior data logger location. Source: author’s own. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note: From left to right: a- Open plan office oriented North; 
b- Individual office (BOX A) oriented Northwest.  

 
2.3 RE consumption and production: 
Energy consumption data of the buildingwas 
collected from the electricity network monthly bills.  

Regarding renewable energy production on site, 
the building has an installation of a photovoltaic plant 
SMA Solar technology AG, with an installed power of 
25,75 kWp. 

In this case, data was collected in real time 
through the page www.sunnyportal.com [11]. 

As the building is connected to the electricity 
network on-grid, the local regulation establishes the 
injection of the generated energy directly through 
theinverter to the grid; and took the electricity 
demand through the network.Therefore,the building 
has installed a two-way electricity meter. 

REproduction onsite accounts for the 30 % of the 
total annual energy consumption and equals 40 
kWh/m2. 

Highly efficient equipment LG MULTI V Water IV is 
used to air-condition the office building. This compact 
water source cooling system has a lightweight 
outdoor unit that allows flexible installation. It also 

has a high efficiency inverter scroll compressor with 
frequency range from 15Hz to 150Hz. It improves 
performance with low vibration and reduced noise. 

2.4 Thermal and energy simulation 
A simulation model was performedin Open studio 

application v.2.9.1 and developed in Energy Plus v.9.2 
software [12]  

The building was divided into 25 thermal zones, 
distinguishing the four floors and orientations of the 
existing offices.In this work two interior spaces on the 
2nd floor were studied: the individual office calledBOX 
Aoriented towards the North-West andthe open plan 
office of the 2nd floor. Figure 3. 

A weather file was created with the following 
measured values: Global radiation on horizontal 
surface (measured with Kipp & Zonen pyranometer). 
Dry bulb air temperature and relative humidity 
(measured with Hobo data loggers).  

 
Diffuse Radiation on horizontal surface was 

calculated with the Isotropic Diffuse Model. 
The model was validated with onsite 

measurements taken in an intermediate season 
(spring) and non-occupied days. This allowed a high 
level of correspondence between the physical model 
and interior measures taken on site. Measured and 
simulated temperatures are shown in Figure 4, 
average temperatures adjust around 2°C. The 
correlation between measured and simulated data 
has an R2 equal to 0.88. 
 
Figure 4:  
Model validation. Source: author’s elaboration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The actual air conditioning system was modeled 

as Multi-split Variable Refrigerant Flow (VRF) Air 
Conditioning (AC) systems with the HVAC Template 
module of EnergyPlus; a design coefficient of 1.2 was 
used for sizing HVAC through simulation of typical 
days for summer and winter.  

 

3. RESULTS 
In the summer period (January for the Southern 

Hemisphere), offices tend to overheat. The interior 
temperatures equal or exceed the exterior 
temperature, which, together with the interior RH 
(around 55%), results in an uncomfortable interior 
environment. Therefore, it's essential the use of 
auxiliary energy to achieve comfortable temperatures 
between recommended in the ranges between18°C 
to 25°C for winter and 20°C to 27°C for summer.[13] 

In Figure 5, the comparison between the 
temperatures registered outside and the 
temperatures registered inside is presented in a 
period of 5 days for the case of the individual office 
BOX A oriented towards the North-West and the 
open plan office, both located on the 2nd floor. 

Figure 5 also shows the potential for nocturnal 
cooling that is being wastedbecausewindows are 
closed during the night. One of the reasons for that 
relates to insecurity, and also to avoid dust. It is 
interesting to propose an alternative solution as 
outdoor temperatures at night are lower than the 
interior ones up to 10 °C. Likewise, the lack of 
adequate solar protections favours the overheating 
of the interior spaces during the hours in which the 
solar radiation falls directly on the façade. 
 
Figure 5:  
In Situ measurements Source: authors' elaboration. 
 

 
Note: Comparison between the outside temperatures (black 
plain) and the temperatures of the two interior spaces in 
the 2nd floor: theBOX A oriented towards the North-West 
(grey dots) and the open plan office (gray slashes)  
 

The operation of the building is commonly called 
“mixed-mode”, allowing users to switch on/off of the 
air conditioning system, depending on their comfort 
perception. Regarding energy demand, the building 
needs a high consumption of electricity to maintain 
indoor thermal comfort. Even though the building has 
its own production of electrical energy by a 
photovoltaic energy system, it does not cover the full 
requirement. Figure 6 shows the registered electrical 
energy demand and generation during the summer 
season. It is important to take into account that, even 
though 30% of the energy demand is covered by RE, 
most of the interior spaces are in uncomfortable 
conditions during the occupation hours. 

If all spaces were in use and within the comfort 
parameters, the energy requirement will rise to 45 

kWh/m2and the energy demand covered by RE will be 
reduced to 20%. Therefore, it is crucial to implement 
passive night cooling and daytime solar control 
measures to reduce artificial air conditioning 
requirements. 
 
Figure 6:  
Electrical energy demand and generation during summer 
season 2020-2021. Source: author’s elaboration from 
www.sunnyportal.com and surveys. 
 

 
 
3.1Passive design optimization proposal 

The model was run improving the passive 
strategies of the building. The use of night ventilative 
cooling, and the integration of solar protections in 
windows, in order to adapt the envelope to the 
microclimatic conditions and achieve a higher 
thermal and energy performance according to nZEB 
requirements. 

Solar protection systems consist of devices 
integrated into the architecture that totally or 
partially prevent the arrival of solar radiation through 
opaque or translucent elements inside a space with 
the aim of avoiding overheating. External character 
designs have higher performance than internal ones.  

To evaluate the efficiency of the external solar 
protection devices, 6 proposals were based on the 
solar inclination value of 82° for 12 am solar hour for 
the summer condition in the city of Mendoza: 3 
proposals Type A: horizontal multiple overhangs and 
3 proposals Type B: vertical multiple fins,were 
combined according to the sun protection method, 
shape, size, and depth. The selection was based in 
Cho (2014) methodology. [14] Subsequently, through 
the energy modeling process Energy Plus the sun 
protection algorithm was used, obtaining as a result 
the performance value of each proposed sun 
protection. (See figure 7 and Table 1). 
 
Figure 7:  
Study of characteristics of horizontal and vertical overhangs 
proposals. Source: author’s elaboration. 
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The characteristics of the optimal proposal consist 
of horizontal multiple overhangs (Type A04), with a  
depth of 0.40 cm, width of the window, and a spacing 
of 0.40 cm, located on the northeast and northwest 
facade of the building. See Figure 8 
 
Figure 8:  
North view overhangs optimization in Open studio 
application. Source: author’s elaboration. 

 
 

The night ventilative cooling proposal was 
performed by a ventilative simple model- Wind and 
Stack Open Area- in Energy plus software. In which 
the natural ventilation flow rate can be controlled by 
an opening schedule of the window fraction open 
area and through the specification of maximum and 
minimum temperatures. There were incorporated 
variables of windows opening through building 
management systems, cooling, and heating schedule.  

Minimizing the energy demand of the building is 
an important step to achieve high energy 
performance building like nZEB. The results of the 
thermo-energy simulation with the improvements in 
the passive strategies (night ventilative cooling and 
solar protection) showed a decrease in temperature 
in the affected sectors and with more spaces with 
temperatures within the comfort range.   

Figures 9 and 10 show the comparison between 
outdoor temperature and indoor temperatures of the 
individual office oriented towards the North-West – 
BOX A- and the open plan office, both in the 2nd floor.  

A 10°C reduction in the indoor temperature of the 
BOX A office is observed, which represents a lower 
energy requirement for cooling. See Figure 9. On the 
other hand, the open plan office presents a 
difference of 5°C below the reference building. See 
Figure 10. 

 
 
 
 
 
 
 
 
 
 
 

 
 
The results of the thermal performance of the 

reference building are shown compared to the 
thermal performance after the incorporation of the 
proposed improvements in a free running mode. 
These results show the importance of the use of sun 
protections to the north-west, as it is the most 
unfavorable orientation in summer in Mendoza. 

Concerning the comparison between zones in the 
2nd floor, we can affirm that the lack of crossed 
ventilation in the individual office, BOX A, caused an 
inferior indoor comfort condition than the one 
registered in the Open plan office.   

Even though interior comfort is not achieved 
completely by the incorporation of the proposed 
passive strategies, in the hypothetical situation in 
which all spaces were in use and within comfort 
parameters at the same time, the energy 
requirement would be reduced to 28 kWh/m2.  
 
Figures 9 and 10: 

 

 

 

 

 

 

 

 

 

 

Note: Comparison between the outside temperatures (black 
plain) and the temperatures of the two interior spaces in 
the 2nd floor after and before optimization proposals: the 
Box A office oriented to the North-West and open plan 
office (gray slashes) Source: authors' elaboration. 

Table 1:  
Comparative of outside surface windows, analyzing solar fraction run periodto theoverhangs proposals in open plan and 
box office located in 2nd floor. Source: author’s elaboration. 

 

4. CONCLUSIONS 
The presented paper shows the operational 

performance of a low energy office building in a 
continental semi-arid climate. 

The monitoring of the thermal and energy 
parameters under summer conditions evidence the 
necessity of the optimization of the existing 
architecture through passive design strategies. The 
night ventilative cooling strategy and solar protection 
integration in North and West facades were proposed 
and evaluated.  

Results are conclusive: according to the collected 
data, the building consumes 40 kWh/m2. This 
consumption responds to a mixed-mode in which 
only some spaces are within comfort ranges, as they 
are being used. If all spaces were in comfort, 
consumption was estimated to rise to 45 kWh/m2. 
And, if the proposed passive strategies were 
implemented, consumption will drastically reduce to 
28 kWh/m2, considering that all spaces are in 
comfort, corresponding 19 kWh/m2 for heating and 9 
kWh/m2 for cooling.  
Figure 11 shows that the inclusion of a high efficient 
air conditioning equipment to account for comfort in 
working hours, and the RE production onsite results 
in an optimal combination in which the building has 
turned from energy consumer to energy producer as 
it injects to the energy network more energy that it 
need for operating.  
 
Figure 11: 
Improved building electrical energy demand (simulated) and 
generation during summer season period. Source: author’s 
elaboration. 

 

A consumption lower than 30 kWh/m2/year was 
achieved through the passive design optimization 
proposal meeting nZEB requirements, consequently 
between 60% and 80% of the energy demand will be 
covered by RE in summer. 
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ABSTRACT: To achieve carbon neutrality, Chile established, as its goal by 2050, that all its buildings must operate 
with net-zero carbon or nZEB performance. However, Chile does not have a Thermal Conditioning Standard for 
non-residential buildings. It only has the Standardized Terms of Reference (TDRe, in Spanish), which establish 
energy efficiency parameters for public buildings. The goal of this research is to evaluate three thermal envelope 
solutions and passive architectural design strategies, to retrofit an office building located in the city of 
Concepción, with the purpose of identifying envelope solutions or strategies that generate the greatest impact 
on the energy consumption and thermal comfort of the building, to later analyze the resulting performances 
with international level nZEB criteria. The results of the research indicate that passive design strategies generate 
a greater impact on thermal comfort and on the reduction of energy consumption than thermal envelope 
strategies. It is concluded that to reach the goals set out in Chile by 2050, having an Energy Efficiency and 
Environmental Comfort Standard applied to buildings, which includes nZEB performance criteria with a passive 
and active approach, is essential.  
KEYWORDS: net-zero energy building, envelope performance, retrofitting, passivhaus, energy efficiency. 
 
 

1. INTRODUCTION  
The impact buildings have on Greenhouse Gas 

(GHG) emissions and energy consumption, around 
the world, increases by 1% to 2% every year [1]. In 
Chile, the building sector accounts for over 23% of 
total energy consumption [2]. 

 
In the COP21 – Paris Summit, an agreement was 

reached to speed up and intensify actions needed 
for a sustainable future with low carbon emissions 
(Di Pietro, 2017). For this, the European Union (EU) 
established as a goal by 2020, that all new buildings 
will have to be net-zero energy buildings (nZEB) [3]. 

 
In terms of GHG emissions, the Chilean policy 

sets the following mid and long-term goals for 
buildings: 2035 Goal, contributing to commitments 
of the COP21 National Determined Contribution 
(NDC), and a GHG emissions mitigation plan applied 
for the energy sector; and the 2050 Goal, where 
GHG emissions of the Chilean energy sector are 
coherent with limits internationally defined by 
science. 100% of new buildings comply with the 
Standards of the Organization for Economic 
Cooperation and Development (OECD) for efficient 
construction and have smart energy management 
and control systems [4][5]. 

 

Currently, Chile does not have obligatory 
Thermal Conditioning Standards for the building 
sector. The General Urbanism and Construction 
Ordinance (OGUC, in Spanish) only establishes 
obligatory standards for the residential sector, as 
such, high-performance standards for commercial 
or private buildings are voluntary. Although the 
application of Energy Efficiency Standards, such as 
the Standardized Terms of Reference of the Public 
Works Ministry (MOP) in public buildings (TDRe), 
energy efficiency labeling in housing, and 
sustainability certifications for buildings have been 
promoted, these measures have not been 
successful in the building sector due to a lack of 
legislative regulation [6][7][8]. 

 
Hence, it is necessary to create specific 

standards to increase comfort, save energy, and 
reduce carbon emissions generated by the 
construction sector. On the other hand, the current 
building code (TDRe) is outdated and must be 
aligned with the nZEB approach [9][7]. 

 
The International Energy Consumption 

Recommendations for nZEB in the building sector, 
indicate that for a climate zone that is similar to 
central-southern Chile, energy needs are for 
consumptions that range between 20 and 30 

 

kWh/(m2/year) of net primary energy, with a 
primary energy use of 80-90kWh/(m2/year), 
normally covered by 60 kWh/(m2/year) from onsite 
renewable sources [10]. Piderit et al (2019), in their 
article “Net Zero Buildings: A framework for an 
integrated policy in Chile”, suggest two approaches 
to evaluate nZEB performance in Chile, with energy 
efficiency goals of 15-25 kWh/m2y for buildings 
with a technological approach, and 15-45 kWh/m2y 
for buildings with a low technological or passive 
approach [9]. 

 
The purpose of this article is to evaluate three 

thermal envelope solutions and passive design 
strategies to retrofit an office building, in order to 
identify the strategies or solutions that generate 
the greatest impact on energy consumption and the 
thermal comfort of buildings. 

 
The research was made using a warehouse-type 

building in the city of Concepción, where passive 
design strategies were added in its retrofit to turn it 
into offices with an nZEB approach. Experimental-
type methodology was used, with energy 
consumption and thermal performance simulations 
in the DesignBuilder software. 

 
Later, the results were compared with the 

recommended energy consumption for nZEB in the 
international building sector, to determine whether 
the strategies defined for the Concepción case 
could help in the definition of Standards for nZEB 
buildings in Chile, in the future. 

 
2. METHODOLOGY 
The methodology used is divided into two stages. 
Stage 1 is the analysis of the geometry in the site 
being intervened, while Stage 2 is retrofitting using 
passive design strategies. A case study was chosen, 
where the stages were analyzed under three 
thermal envelope solutions as independent 
variables. First, the local TDRe Standard as a base 
case, corresponding to the 6SL “Coastal South” 
climate area of Chile, and second, two envelope 
solutions that comply with the Standards of the 
Passivhaus European Certification System. The 
former corresponds to a building located in 
Santiago, Chile, and the latter, a building located in 
Bologna, Italy.  

 
Each thermal transmittance value simulated for 

each surface, and its respective coding system, 
which is the name laid out in the graphs, was 
specified (Table 1). 

 

As analysis methodology, the 3 envelope solutions 
were combined with the solutions’ 3 glazing types, 
to determine the optimal combination. 
 
Table 1: Maximum thermal transmittance (U) in W/m2K 
for the three thermal envelope solutions. 
 

Solution U  
Walls 

U 
Roof  

U 
Windows  SHGC 

Solution 1 – TDRe 0.60 0.40 2.20 0.56 
Solution 2 

Passivhaus Chile 0.30 0.15 0.70 0.51 

Solution 3 
Passivhaus Bologna 0.22 0.10 0.70 0.48 

 
The building’s occupation conditions were 
supposed for both stages. This considers office use, 
based on an occupation load of 10 m2/person. 
Regarding use, occupation times were defined from 
Monday to Friday, from 7 am to 7 pm, with an 
occupation percentage of 100% throughout the 
year with the exception of February, which was 
considered as the holiday period, with a maximum 
occupation of 50%. 

 
The loads for office equipment were supposed with 
a power density of 4.5 W/m2 and electrical lighting 
with a power density of 15 W/m2. 

 
The ventilation flows indicated in ASHRAE 62.1 for a 
minimum airflow for office spaces were used, 
considering 2.5 L/s-person and 0.3 L/s/m2, for the 
adaptive thermal comfort analysis under free 
oscillation. 

 
2.1 Stage 1: Base case 
First, an architectural survey was made of the 
building. This was a building without internal 
divisions, with a rectangular floor plan of 9.90m 
north to south, and 10.47m east to west, a 
minimum height of 3.20m, and a gable roof with a 
maximum height of 5.81m (Fig.1). 

 

 
Figure 1: Floor plan and architectural section of base case. 
 
2.2 Stage 2: Retrofitting using passive design 
strategies 
For the office retrofitting design process, passive 
architectural design strategies were used 
considering the analyzed climate. The thermal 
envelope variables were analyzed under the three 
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thermal envelope solutions, using the methodology 
described in number 2.1. The following passive 
design strategies were used considering the climate 
conditions of the location. 

 
a) Central distribution of floor plan and 

orientation of work areas to the west and 
south (Fig. 2, yellow). A central glass 
partition is generated to obtain solar gains 
in winter on the north façade, and direct 
gains on the east façade (Fig. 3) due to the 
blocking of the north façade by an 
adjoining building (Fig. 4, letter a). To avoid 
overheating of the building in summer, 
horizontal solar protections to the north 
are designed (Fig. 4), and horizontal and 
vertical ones to the East (Fig. 5). 
 

b) For the mixed-use air-conditioning system 
with natural ventilation, a time frame of 7 
am to 7 pm was used, a range where it is 
possible to activate natural ventilation, as 
long as ventilation control temperature 
criteria are followed. 3 air renewals per 
hour (ac/h) were used on activating natural 
ventilation. 
 
Note: Mixed-use air-conditioning was only 
analyzed for the energy consumption simulation. 
All the thermal comfort analysis was done under 
free oscillation, with the flows expressed in 
point “b”. 
 

c) Natural ventilation control temperatures: A 
minimum outdoor temperature of 12°C 
and a maximum of 30°C were considered. 
Indoors, a minimum temperature of 24°C 
was considered. 
 

For the analysis of total energy consumption of 
Stage 2, two analysis scenarios were defined 
regarding artificial lighting. 
 
Scenario 1: Lighting power density 15W/m2. 
Scenario 2: Lighting power density 7.5 W/m2, 
corresponding to efficient lighting. 
 

 
Figure 2: Architectural floor plan of retrofitted case 

 

 
 

Figure 3: Proposed case intervention layout 

 
Figure 4: Improved case with north-facing solar 
protections setup (December 21st) 

Figure 5: Improved case with east-facing solar protections 
setup (March 21st/September 21st) 
 

2.3 Reading of the Results 
The results were analyzed considering the building’s 
total energy consumption in kWh/m2 per year, and 
the energy consumption is broken down by use in 
kWh/m2, in order to analyze the variation 
considering the combination of the thermal 
envelope solutions for the two stages and later, 
comparatively analyzing the standardized 
consumption for buildings with an nZEB approach in 
the world. 

 
In addition, the results were analyzed considering 
the percentage of hours per year that the space is 
within the adaptive thermal comfort model of the 
ASHRAE 55 Standard of 2017, to determine the 
effect of the low consumption from air-conditioning 
on the occupants’ wellbeing. 

 

 

3. RESULTS 
The highest total energy consumption per year of 
Stage 1, is that of Solution 1: TDRe Standard with a 
total of 67.4 kWh/m2, while the lowest 
consumption is from the combination of Solution 3: 
Passivhaus Bologna, with the glazing of Solution 1: 
TDRe Standard, with a consumption of 57.1 
kWh/m2 (Fig. 6). 

 
The variation between Solution 2: Passivhaus Chile 
and Solution 3: Passivhaus Bologna, is 1.2 kWh/m2 
(Fig. 6). 
 

 
 

Figure 6: Total energy consumption of Stage 1 in kWh/m2 
per year, with combinations of the three chosen thermal 
envelope solutions 
 
where  1 - Standard 1 - TDRe;  
             2 -Standard 2 - Passivhaus Chile;              

         3 -Standard 3 - Passivhaus Bologna;  
         W - Wall transmittance; 
         R - Roof transmittance. 
 

The lowest consumption of Stage 2 was solution 3: 
Passivhaus Bologna; while the highest consumption 
of Stage 1 is Solution 1: TDRe Standard, with the 
result being a total energy consumption reduction 
of 24.8 kWh/m2 a year (Fig. 7). 
 

 
 
Figure 7: Total energy consumption of Stage 2 in kWh/m2 
per year, with combinations of the three chosen thermal 
envelope solutions. 
 

For the change of lighting technology, the trend 
between the standards remains, but a consumption 
reduction of around 10 kWh/m2 per year is 
generated, compared to Stage 2 (Fig. 8). 

 
 
Figure 8: Total energy consumption of Stage 2 in kWh/m2 
per year, with combinations of the three chosen thermal 
envelope solutions, plus a change of lighting for LED 
technology. 
 
The energy consumption for lighting represents the 
highest consumption for the two stages and for the 
three thermal envelope solutions. Stage 1 has the 
highest consumption values for cooling, while Stage 
2 reduces consumption for cooling and increases 
demand for heating (Fig. 9). 

 
 
Figure 9: Energy consumption broken down by use in 
kWh/m2 per year, with combinations of the three chosen 
thermal envelope solutions, plus a change of lighting for 
LED technology. 
 
The energy consumption of all the thermal 
envelope solutions for Stage 2 has a maximum 
variation of 1.4 kW/h, while for Stage 1 there is a 
maximum variation of 10 kWh/m2 (Fig. 10). 
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Figure 10: Variation of total energy consumption of the 
building in kWh/m2 per year, considering the thermal 
transmittances iterated in the 3 standards, for Stage 1 
(base case) and Stage 2 (retrofitting with passive 
strategies). 
 
Performance under the adaptive thermal comfort 
model of Stage 1 has an oscillation between 39.2% 
of the hours of comfort per year, with solution 1: 
TDRe, and 48.3% corresponding to Solution 3: 
Passivhaus Bologna, with 31.7% under the 
acceptable range of 80% of hours of comfort per 
year. 

 
However, for Stage 2, under free oscillation, the 
building reaches a percentage of hours of comfort 
per year of between 79% of hours per year in 
Solution 1: TDRe Solution, and 87.9% of hours per 
year under Solution 3: Passivhaus Bologna, with LED 
lights (Fig. 11). 
 

 
 
Figure 11: Percentage of hours of comfort per year under 
the ASHRAE 55 of 2017 Adaptive Thermal Comfort Model, 
comparison between the three thermal envelope solutions 
of Stage 1 and Stage 2. 

 
4. DISCUSSION 
On analyzing the results of Stage 1, a minimum total 
energy consumption of 57.1 kWh/m2 per year was 
reached, applying Solution 3: Passivhaus Bologna. 
Within the nZEB Standards reviewed with a low 
technology or passive approach, these are 12.1 
kWh/m2 per year above the maximum nZEB 
requirement [9]. This shows that, if there is a high 
thermal transmittance performance of the 

envelope, passive design strategies need to be 
applied to reach a true consumption reduction 
considering nZEB. However, the building with a high 
thermal envelope performance (Solution 3) can 
reach a reduction of around 10.3 kWh/m2 per year, 
compared with the energy consumption of Solution 
1 TDRe, without applying passive strategies. 

 
On applying passive strategies to the building’s 
retrofitting design, combined with the thermal 
envelope solutions, a total energy consumption per 
year is achieved, of 42.6 kWh/m2, close to the 
maximum range of 45 kWh/m2 per year of the nZEB 
seen for buildings with a low technology or passive 
approach [9]. Meanwhile, there is a very low 
variation (around 3%) between the thermal 
envelope solutions chosen (all within the nZEB 
approach). This is due to the application of passive 
design strategies in architectural design, which 
allows analyzing the low influence that the 
requirement of the Thermal Transmittance 
Standards has when there are passive design 
strategies. 

 
The energy consumption is reduced by 25% just by 
changing lighting to LED technology (compared to 
Stage 2 without a change), reaching a consumption 
that oscillates between 31 and 32 kWh/m2 per year. 
All the analyzed thermal envelope solutions, 
including the TDRe, are within the nZEB Standards 
seen with a low technology or passive approach and 
close the maximum nZEB energy consumption value 
for buildings with a technological approach (25 
kWh/m2 per year)[9]. With this being the strategy 
applied for most new buildings built in Chile, its 
application is appropriate for retrofitting processes. 

 
The thermal comfort analysis allows studying the 
suitability of applying passive design strategies in 
the buildings, as the difference between Stage 1 
and Stage 2 is approximately 40% of hours per year 
in comfort, mainly reaching 80% of hours per year 
in comfort for an optimal behavior of the space. 
However, the TDRe Standard only reaches the 80% 
level within the Adaptive Thermal Comfort Model 
when lighting strategies are applied. Stage 2, with a 
change in lighting, is just 1% under the expected 
levels (80% of hours of comfort per year). 

 
The variation between thermal envelope solutions 
again provides a low variation, of around 5% of 
annual hours, retaining the linear increase trend 
following the analyzed standard. 

 
5. CONCLUSION 
Starting from the analysis of the 3 thermal envelope 
solutions applied to the building for Stage 1: Base 

SSttaaggee  11  SSttaaggee  22  

 

Case, and Stage 2: Retrofitting with Passive Design 
Strategies, the conclusions are the following: 
 
1.- Passive design strategies, adjusted to the 
building’s climate context, generate greater impact 
in terms of thermal comfort and energy 
consumption reduction than the thermal envelope 
strategies under the chosen envelope solutions. 
 
This allows validating the importance of 
incorporating climate-related strategies in the 
design processes. 
 
2.- Including passive design strategies in retrofitting 
processes can reduce the performance 
requirements of the thermal envelope. Within this 
scenario, the TDRe Standard can reach the 
standards of buildings with an nZEB approach, if 
suitable strategies are included. 
 
3.- The consumption recorded for the building 
retrofitted with passive design strategies fits the 
reference consumption for nZEBs proposed in the 
article “Net Zero Buildings: a framework for an 
integrated policy in Chile” (15-45 kWH/m2y for 
buildings with a low technology or passive 
approach), which is why nZEB Standards can be 
reached with the energy efficiency and 
environmental comfort parameters of the TDRe. 
 
4.- To reach the goals proposed by Chile regarding 
the nZEB, the requirement of an Energy Efficiency 
and Environmental Comfort Standard applied to 
public and private buildings is key, along with 
performance criteria that come close to nZEB 
buildings with a passive and active approach. 
 
Ventilation must be analyzed with calibrated wind 
speed and direction data, as the impact of a 
constant flow (as made in this research) within the 
scheduled natural ventilation can alter the 
performance in thermal comfort. 
 
For future research, it is suggested to incorporate 
the cost analysis of passive strategies and 
construction elements under the analyzed Thermal 
Transmittance Standards, aiming at determining the 
impact of design decisions on the project cost under 
the nZEB approach. On the other hand, the 
methodology used in the research can be replicated, 
as long as the specific needs of each case study are 
considered in terms of passive strategies 
conditioned to the climate and urban context of its 
location. 
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An innovative environmental test chamber for testing passive 
cooling prototypes 

A new methodology for research and pedagogical applications 
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ABSTRACT: This paper reports on the design, construction, and commissioning of an off-grid, solar powered, cost-
effective environmental test chamber built inside a standard shipping container. The described chamber is capable 
of replicating a broad range of outdoor conditions to evaluate reduced-scale prototypes of passive cooling 
systems. In contrast to other evaluation methods, use of the chamber does not require software skills associated 
with computer simulation and avoids costs and extended data collection times needed to test prototypes at full 
scale. Commissioning and preliminary test data show a high correlation with data sets collected from full-scale 
prototype evaluation. The chamber was designed for integration with design pedagogy as well as faculty research 
and is currently being used as part of a grant-funded course sequence to test innovative passive cooling devices 
developed by student design teams. 
KEYWORDS: Environmental Test Chamber, Passive Downdraft Cooling, Passive Cooling, Reduced-Scale Prototypes 
 
 

1. INTRODUCTION 
Barring an alternative, energy demand for space 

cooling is projected to double by 2050, driven by 
accelerating urbanization, especially in hot and 
warm climates [1- 2]. Currently, buildings account for 
60% of global electricity consumption, 18% of which 
is due to active mechanical air conditioning systems. 
If widely adopted, passive cooling systems can play 
an important role in building decarbonization. 

Compared with active mechanical systems, 
passive systems use little to no electricity, relying 
instead on the natural flow of sensible and latent 
heat from smaller, warmer spaces to larger, cooler 
heat sinks, such as the atmosphere and earth.  
Examples of passive cooling systems include: 
downdraft evaporative cooling towers, which 
transfer heat to the atmosphere through convection 
and evaporation, and earth tubes, which transfer 
heat to the earth through conduction. 

Contemporary passive cooling projects such as 
Zion National Park Visitor Centre in Springdale, Utah, 
the Torrent Research Centre in Ahmedabad, India, 
and the courtyards at Princess Nora University in 
Riyadh, Saudi Arabia, have all proved to be efficient, 
cost-effective, and comfortable [3-5]. Given these 
successes, and the thousand-year history of use of 
passive cooling systems in the hottest regions of the 
planet, it’s surprising that passive cooling systems 
haven’t been more widely adopted [6]. 

This may be due to lack of familiarity with passive 
cooling systems not only in architectural practice, 
but in academic research and design pedagogy as 
well, coupled with widespread misperceptions of 

inefficacy. Integration of passive cooling system 
research and development into design curriculum 
can promote familiarity and correct misperceptions, 
leading to wider adoption of passive systems as 
future architects and researchers move into practice. 
Unfortunately, existing methods for investigating 
passive cooling models, such as computer simulation 
and full-scale prototyping, come with significant 
drawbacks in terms of cost, practicality, and 
approachability. 

Computational Fluid Dynamics (CFD) simulation 
software relies on simplified digital models to 
simulate fluid flows. Rapid output and graphical 
display simplify comparison of multiple design 
iterations [7-8]. On the other hand, the learning 
curve to reach proficiency is steep, and CFD software 
does not have the ability to analyse system’s 
operational shortcomings. 

Construction of full-scale physical prototypes, 
with construction materials and test location 
calibrated to accurately represent system 
performance and operation, allows performance to 
be tested under actual environmental conditions, 
and operational issues to be recognized and 
rectified. However, rapid iteration of designs and 
exploration of a variety of solutions is impractical. In 
addition, full-scale prototyping requires 
considerable time, costs, and construction 
experience. Data collection can also be cost-
prohibitive and data collection timeframe is 
constrained by environmental conditions [9-11]. 

Investigating reduced-scale physical prototypes 
permits a broad view of operational issues while 
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allowing for rapid iteration of designs [12]. However, 
this approach requires a controlled environment. 
Design and construction of an effective 
environmental test chamber, even for reduced-scale 
models, can be more cost-prohibitive than 
construction of full-scale prototypes. Where 
laboratory space is at a premium, installing a 
permanent indoor environmental chamber may be 
impractical. 

This paper reports design, construction, and 
commissioning of an off-grid, solar powered, cost-
effective environmental test chamber for testing 
passive cooling system prototypes at reduced scale. 
The chamber is built primarily from donated 
components, including a standard shipping 
container used for the outer shell. Now 
commissioned, the chamber is playing an active and 
ongoing role in building science and design 
pedagogy, as well as faculty research. Our 
experience suggests hands-on exploration of 
unfamiliar systems is resulting in deeper student 
engagement and optimal learning outcomes. 
 
2. DESIGN METHODOLOGY 

Chamber design was constrained by an available 
construction budget of $10,000 USD, supplemented 
with in-kind donations of equipment and materials, 
including: a standard 6.10 m (20’) shipping container; 
EPS geofoam panels 152 mm (6”) thick; 3480 Watt 
PV array with inverter and 2400 amp-hour battery 
bank; and 12,000 BTU mini-split heat pump. The 
available chamber site was an outdoor concrete pad 
lacking onsite access to grid electricity.  

These constraints and resources resulted in a 
schematic design using the shipping container as the 
chamber exterior shell, with the PV array and battery 
bank supplying chamber electrical needs. A system 
of continuous interior insulation employing geofoam 
panels was designed to boost efficiency of chamber 
environmental controls and moderate heat 
exchange with the outside. Light gauge galvanized 
sheet steel was selected as an economical material 
to clad interior surfaces, minimizing friction and 
turbulence, as well as reducing emissions for the 
chamber’s potential secondary application in IAQ 
testing. The mini-split heat pump provides heating, 
cooling, and dehumidification on the inside. 

Designing an effective chamber within these 
budgetary and resource constraints required 
satisfying a complex set of competing criteria. These 
included: A) maximization of prototype scale 
reduction for cost and design iteration efficiencies 
outlined above; B) maximization of test run times 
within the limits of battery storage and solar 
recharge capacities; C) accurate and repeatable 
control of operational parameters allowing 
collection of reliable data; and D) use of existing full-

scale prototype datasets to calibrate data from 
reduced-scale prototypes. Other criteria include 
adaption to other building science applications, and 
chamber portability. 

Because comparison between prior full-scale 
investigations and planned reduced-scale 
investigations requires maintaining the same 
volumetric flow rate at the inlet for both prototypes, 
air velocity was a critical design parameter. 
 

Q = v x A        (1) 

where Q – Volumetric flow rate (ft3/min) 
            v - air velocity in chamber test section (fpm);  
            A - cross sectional area through test side (ft2).  
 

From Equation (1), it is clear the reduced-scale 
prototypes’ smaller inlet vertical surface area of flow 
(A) requires an increase in flow velocity (v) to hold 
volumetric flow rate (Q) constant. Therefore, the 
effective lower boundary for scale reduction can be 
derived using Equation (2):  
 

C = v / v’        (2) 

where C - scale factor;  
             v - air velocity from full-scale testing (fpm); 

         v’ - air velocity inside the test chamber 
established through the CFD analysis (fpm).  

 
Based on a review of wind tunnel design 

literature [13-14], we determined maximization of 
chamber air velocities (and thus maximum scale 
reduction) could be achieved with an array of high-
volume, high-velocity fans circulating air in a closed-
loop raceway (Fig. 1). 
 

 
Figure 1: 3D Diagram explaining the test chamber overall 
design. 
  

Budget and chamber size constraints resulted in 
specification of a six-fan array, moving 807 m3 of air 
per minute (28,500 cfm), at 4.62 kW total electrical 
load. Solar resources during late spring and summer 

 

allow daily test runs of approximately two hours, 
which was judged adequate for initial testing. 

Design of the chamber raceway, including fan 
placement, corner fairing radii, and centre divider 
sectional geometry, was refined through an iterative 
series of Computational Fluid Dynamics (CFD) 
simulations, using the Autodesk CFD 2019 platform 
coupled with Autodesk Revit as the 3D modelling 
tool. More than 15 variations were examined with 
design goals being maximization of air velocity and 
minimization of turbulence on the test side of the 
divider, as well as overall ease-of-construction.  

Modelling focused on the geometry surrounding 
the air flow path. Software default values were used 
to assign materials to 3D objects, including rigid 
Styrofoam insulation for the enclosure, plywood for 
the air straightener, and air for the interior void. The 
fan array material was customized, using fan curves 
supplied by the manufacturer. Closed-loop air 
movement was generated through fan-initiated air 
flow on the supply side. An assigned static pressure 
of zero on the return side kept air cycling in the 
chamber. An automated mesh was generated for all 
simulation options with an average mesh count of 
approximately 400,000 cells. Fig. 2 shows plan views 
taken from three iterations in this series, leading to 
preferred iteration ‘C’. 

 
Figure 2: CFD simulation results plan views for three 
variations with ‘C’ as the preferred iteration.  

 
Iteration ’C’ has a test section measuring 2.0 m x 

0.6 m x 3.0 m (6’-10” x 2’-0” x 10’-0”) (H x W x D), 
with counter-clockwise air flow channelled by corner 
fairings around a centre divider. The divider is 

tapered in horizontal cross section to restrict airflow 
and increase velocity in the chamber test section. As 
illustrated in iteration ‘C’ the air flow path widens at 
the test section exit, resulting in velocity decrease, 
before air re-enters the fan array and begins a new 
cycle (Fig. 2). 

Previous investigations by one of us of full-scale 
prototypes established useful parameters for 
calibrating chamber operations with reduced-scale 
prototypes. Measured outdoor air velocities during 
full-scale prototype investigations ranged from 4.8-
12.9 km/h (260 - 705 fpm), with an average of 8 kph 
(440 fpm). CFD simulations give a maximum test-side 
air velocity of 33 kph (1805 fpm). Therefore, from 
Equation (2), calculated scale factor is 0.24, or ratio 
of 1:4.1. We assumed actual air velocity in the test 
chamber would be lower than predicted, due to 
sources of turbulence and friction not captured by 
the CFD simulation, and chose 1:3 as a conservative 
ratio for reduced-scale models. 
 
3. CONSTRUCTION METHODOLOGY 

Construction of the chamber took place between 
January and September 2021. Orientation of the 
chamber’s long axis is optimized for PV generation 
within the constraints of the site conditions. The 
chamber system also includes an auxiliary 
‘doghouse’ shed, which houses the battery bank and 
inverter and provides a mounting surface for four of 
the 12 PV panels. Fig. 3 is an overall image of the 
chamber taken from the northeast corner. 

 

 
Figure 3: Overall image of the completed chamber taken 
from the northeast corner.  

 
Centre divider and corner fairings are framed 

with light gauge steel studs, tubular cardboard 
concrete forms, 19mm (0.75”) plywood, and clad 
with 0.7mm (22g.) galvanized sheet steel. Chamber 
insulation and steel cladding sheets are attached 
using polyurethane construction adhesive. To 
minimize friction and turbulence, the indoor mini-
split unit, data logger, and electrical service panel are 
mounted inside the centre divider, and all cladding 
seams are sealed using aluminium HVAC tape. 
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Removable fairings on the door side of the container 
allow access to the chamber, and three weather-
proof ports provide entry for electrical, data, water 
supply, and mini-split coolant lines. 

A system of standard slotted strut channels and 
connectors, chosen for ease of construction and cost 
effectiveness, is used for the interior fan array frame 
and the angled PV mounting frames on the chamber 
roof. Fig. 4 shows the chamber and doghouse 
interior during construction and commissioning.  

 

 
Figure 4: Photos taken during construction and 
commissioning of the chamber. A- doghouse interior, B- 
removable fairing on the door side. C- fan array facing the 
supply side. D- 1:3 prototype model placed in the test side.  

 
4. CALIBRATION METHODOLOGY  

A 1:3 reduced-scale model of the full-scale single-
stage downdraft cooling tower used in the previous 
study was constructed with a shaft cross section area 
of 0.16 m2 (1.75 ft2). Materials and the direct 
evaporative cooling system were scaled down but 
otherwise identical to those of the full-sized 
prototype. These include polyisocyanurate 
insulation boards, metal angles, plywood, and 
misting nozzles. 

The Onset Computer Corporation data 
acquisition system was identical to that used for full-
scale investigations, including an RX3002-00-01 Data 

Logger with weatherproof enclosure rated for 
outdoor use. The logger has a time accuracy of ± 8 
seconds per month in 0° to 40°C (32°F to 104°F) 
range. One RXMOD-A1 4-channel Analogue Module 
was installed, then the four sensors outlined in Table 
1 were attached to the logger.  

 
Table 1: Data acquisition sensors attached to data logger 

 
Sensor Type Quantity Accuracy and Range  
S-THB-M008 
temperature/ 

relative humidity 
(RH) smart sensor 

2 

Temperature:  
± 0.21°C (0.38°F).  

0° to 50°C (32° - 122°F)  
RH: ±2.5%. 10% - 90% 

T-DCI-F300-1C3 air 
velocity analogue 

sensor 
2 ± 5% of reading at + 

0.15 m/s (+ 30 fpm) 

 
One set of Temp/RH and air velocity sensors was 

located at the outlet and the other set was located 
at the tower inlet. Outlet sensors were placed inside 
an insulated box to protect the sensors and properly 
capture the air variables exiting the tower. Fig. 5 
illustrates the placement of the model in relation to 
the sensors in the test side in the chamber.  

 

 
Figure 5: Section perspective indicating sensor and 
prototype locations in test side of the chamber. 
 

Calibration was based on datasets for cooling via 
direct evaporation, provided by a misting system. 
The reduced-scale misting system used a single 
nozzle with maximum flow rate of 2.6 l/hr (0.7 g/hr), 
compared to the full-scale system, which used up to 
three nozzles for a total maximum flow rate of 8.0 
l/hr (2.1 gal/hr).  

Tables 2 and 3 outline data collected from full-
scale investigation over four days or 27 hours of 
operation using 30 second logging intervals averaged 
every five minutes for a total of 317 data collection 
samples. Table 2 lists the ambient conditions 

 

whereas Table 3 lists conditions at tower outlet 
during hours of operation. Overall, outlet conditions 
from one mister operating averaged 12°C (23°F) in 
temperature drops, 15% rise in relative humidity, 
and 0.9 m/s (182 fpm) in air velocity.  

 
Table 2: Average ambient conditions collected during full-
scale investigation: Temperature (T), relative humidity 
(RH), and wind speed (Vin)  
 

Date T - °C (°F) RH - % Vin -m/s (fpm) 
June 14, 2017 39 (103) 4 1.758 (346) 
June 15, 2017 42 (107) 5 1.580 (311) 
June 18, 2017 43 (110) 9 2.310 (455) 
June 21, 2017 46 (115) 10 3.360 (662) 

AVERAGE  43 (109) 7 2.250 (444) 
 

Table 3: Average conditions at tower outlet collected 
during full-scale investigation: Temperature drops (∆T), 
relative humidity rise (∆RH), and air velocity (Vout) 
 

Date ∆T - °C (°F) ∆RH - % Vout -m/s (fpm) 
June 14, 2017 12 (23) 15 0.823 (162) 
June 15, 2017 17 (32) 25 0.823 (162) 
June 18, 2017 11 (21) 13 0.935 (184) 
June 21, 2017 9 (16) 7 1.123 (221) 

AVERAGE 12 (23) 15 0.925 (182) 
 

5. RESULTS 
Chamber commissioning: Test runs began mid-

September 2021, occurring once a week on average 
until the end of November 2021. Logging intervals 
were set to 30 seconds. All chamber systems 
functioned as designed, with some limitations:  

1. Battery capacity and winter recharge times 
severely limit test durations, requiring 
modification to allow auxiliary recharging 
from an exterior electrical receptacle on a 
nearby building. 

2. Operation in below freezing conditions 
requires considerable preheating for the 
chamber to reach test temperatures, 
exceeded battery storage if the mini-split 
heat pump is used as the sole heating 
source. Use of a propane construction 
heater for preheating is effective and rapid, 
although not ideal from a carbon footprint 
or indoor air quality perspective. 

3. Build-up of waste heat from air circulation 
fans and system turbulence requires 
chamber venting to maintain desired test 
temperatures at steady-state. Currently, 
venting is accomplished through opening 
one of the insulated chamber doors and 
shifting door-side corner fairings to create a 
small gap of 5 cm (2”). Future modifications 
to the chamber will add a thermostatically-
controlled vent fan to the system. 

Characterization of temperature and relative 
humidity levels: A steady-state design temperature 
of up to 49°C (120°F) and 8% RH was maintained 
using the venting technique described above.   

Characterization of air velocity (chamber empty): 
In contrast to expectations, measured air velocity in 
the chamber exceeded CFD predictions, reaching 45 
kph (2460 fpm) in the test section. In principle, this 
allows a scale reduction factor of 1:5 or greater, 
however, chamber operation with a model in place 
significantly reduces air velocity. 

Characterization of air velocity (model in place): 
Maximum air velocity at the tower model inlet was 
nearly identical to CFD analysis predictions with the 
model: 31 kph (1,680 fpm) versus 30 km/h (1,650 
fpm). Velocity at the tower outlet was far lower: 5.5 
kph (300 fpm). Velocity at outlet remained 
essentially constant, regardless of velocity at inlet. 
This means volumetric flow rates at tower outlet 
averaged 8.5 m3/min (300 cfm) compared to 37.5 
m3/min (1325 cfm) at full-scale.   

Characterization of model operation on chamber 
temperature and relative humidity levels: With the 
mister running at the top of the tower, the chamber 
remained within ± 1°C (± 2°F) of the steady-state 
temperature and RH levels would increase and 
stabilize at approximately 15%.  

Preliminary results from prototype operation: 
Data was collected five times with mister running for 
30 – 35 minutes each time for a total of 
approximately 3 hours of operation. Temperature 
drops at tower outlet averaged 7°C (12°F) which is 
2°C (4°F) lower than the average low from full-scale 
operations. This ∆T remained consistent despite 
variation in chamber temperatures representing 
ambient conditions. RH levels at the outlet increased 
by an average of 15 – 20 % which was identical to 
full-scale results.  

 

 
Figure 6: Data collection when misters operating inside the 
chamber for 30 minutes on October 01, 2021.  
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Figure 6 graphs data from chamber operation on 
October 01, 2021, with ambient conditions set to 
42°C (107°F), relative humidity levels at 15%, and air 
velocities set to 26.5 kph (1450 fpm). Operating the 
mister for 30 minutes resulted in outlet 
temperatures of 36°C (97°F) or a ∆T of 6°C (10°F) and 
RH levels of 30%. Air velocities at outlet averaged 5.8 
kph (320 fpm) despite changing fan speeds, likely 
due to the small size of the inlet resulting in air 
flowing around the outside of the tower. Further 
tests and calibration are ongoing.  

Use of chamber in faculty research: more tests 
need to be conducted to answer several research 
questions including: modifications required to 
increase temperature drops as well as air velocities 
at outlet of the single-stage tower prototype; 
impacts of adding more misting nozzles on the outlet 
as well as chamber conditions in comparison to data 
from full-scale experiments; and performance 
impacts of innovations such as multi-stage cooling 
systems on downdraft cooling outlet conditions.  

Use of chamber in design pedagogy: The chamber 
was used to test passive cooling system designs 
developed by student teams, as part of courses 
funded by a VentureWell Faculty Grant to teach 
entrepreneurial approaches to sustainability. Teams 
used digital modelling and simulation tools to test 
performance of multiple iterations and narrow 
designs for construction of reduced-scale physical 
prototypes using our school’s fabrication labs. The 
teams then evaluated the prototypes using the 
chamber described above, comparing results from 
physical testing to digital models and simulations. 
Beyond the course, successful teams will receive 
additional funding to continue developing and 
commercializing their innovations.  

 
6. CONCLUSION  

Chamber construction was completed within 
budget and with minimal initial design modifications. 
Results from commissioning, characterization, and 
initial calibration are promising, as is the use of the 
chamber as a hands-on teaching tool to develop 
familiarity with passive cooling systems amongst 
future architects. Operational shortcoming of the 
chamber as constructed have been identified and 
specific modifications, including power venting, 
auxiliary power supply, and addition of an air 
straightener, have been designed, with 
implementation expected to be complete prior to 
the end of August 2022. 
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ABSTRACT: As a response to the last century energy crisis, passive strategies have been an interesting approach. 
Nevertheless, there are limits to passive design. And these limits will be greater constraints to the maintenance 
of Indoor building temperatures within acceptable parameters in the future, even with the complementary use 
of auxiliary energy. The objective of this paper is to assess climate change impact on passive strategies for IPCC’s 
Representative Concentration Pathway (RCP) and to identify buildings’ opportunities for adaptation to new 
climatic conditions. The performed dynamic simulation analyses on a case study shows a clear tendency to the 
increment of cooling loads and a reduction of the heating requirement. Moreover, when heating and cooling 
needs are added in a single figure it is interesting to analyse the whole energy consumption trends. In the study 
case, as well as similar constructions, total energy consumption present a maximum variation of less than 10% 
when compared with the worst-case scenario 4: RCP 8.5 (2100). Even though these figures look alike, there is a 
significant change in the source. Today, energy consumption for heating (natural gas) accounts for 57.5% of the 
total. While, in the worst-case scenario 4: RCP 8.5 (2100, energy consumption for cooling (electricity) 
predominates with 77.8% of the total. 
KEYWORDS: climate change, extreme climate, passive strategies, buildings’ adaptation opportunities. 
 
 

1. INTRODUCTION 
World population has reached to 7.753 billion in 

2020 [1]. The combination of the projected 
population and economic growth together with 
climate change results in placing greater stress on 
vital resources in the future if there is a 
continuation of the business as usual scenario.  

According to the Intergovernmental Panel on 
Climate Change - IPCC [2] and the International 
Energy Agency - IEA [3] around two-thirds of global 
primary energy demand is attributed to urban 
areas, inducing 75% of global direct energy-related 
GHG emissions. In the near future urban areas will 
be the main emissions sources of intensive heat 
energy and all kinds of environmental pollution, 
with an important impact on micro-, meso- and 
maybe even global climatic changes which will 
result in a reduction in the quality of life.  

In this context, the residential and commercial 
buildings sector is responsible for approximately 
30% to 40% of total global energy demand and one 
third of global GHG emissions. Energy use for 
cooling in buildings has doubled from 2000 to the 
present, making it the fastest growing end use in 
buildings. [4] 

Most contemporary authors agree that the 
building stock is inexorably aging, composed of 75% 
buildings built before 1990, and the replacement of 
existing building stock by new (environmentally 

sound) construction is in the order of 1.2% per year. 
[5-9] 

This situation leads to the assumption that, in 
the case that current regulations consider adequate 
standards for new buildings, the negative impacts 
due to energy consumption and polluting emissions 
in cities from the existing building stock will 
continue and the overall situation would be little 
reduced. It is important to keep in mind that in a 
decades-long perspective, the remaining buildings 
of the twentieth century will cause most of the 
environmental impacts in cities.  

For this reason, improvements to the existing 
building stock will be the only way in which the 
benefits of energy efficiency will be made available 
to the majority of the population, and absolute 
reductions in domestic energy use and carbon 
emissions can be achieved. Increasing energy 
efficiency is the fastest and cheapest way to meet 
the challenges of energy security, the environment 
and the economy. This fact leaves an important 
course of action towards the refurbishment of 
existing buildings, and this is a very complex task.  

Another difficulty to overcome is related to 
passive design as we know it. As a response to last 
century energy crisis, passive strategies have been 
an interesting approach. With the aim of displacing 
fossil fuels for space conditioning and lighting, the 
architectural design of the building itself, -e.g. 
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orientation, shape and materiality- plays a major 
role in capturing, storing and distributing wind and 
solar energy.  

But, there are limits to passive design today, and 
these limits will be greater constrains to the 
maintenance of interior temperatures within 
acceptable parameters in future more extreme 
climatic conditions, even with the complementary 
use of auxiliary energy.  

Extreme hot climates will become even hotter 
and the possibilities of using passive strategies will 
be further reduced. The use of renewable energy as 
a primary response to extreme weather conditions 
will be a constant in many regions of the world, and 
passive design criteria, in these cases, will be an 
accompanying factor in reducing energy demand. 

However, there will be nuances and, in complex 
climates with significant daily and seasonal 
temperature variations, passive design still presents 
itself as a viable alternative in the future. [10-13] 
The consideration of dynamic forward projections, 
will allow for flexibility and adaptation to climate 
change, as opposed to the static simplification of 
current passive design recommendations. 

In the case of temperate-continental climates, 
throughout the 20th century and specifically since 
the energy crisis of the 1970s, research into passive 
or low-energy strategies that contribute to the 
thermal conditioning of buildings in winter has been 
a priority. Well into the 21st century, the urban 
heat island is a well-known and sufficiently studied 
phenomenon, which, together with the prospective 
climate scenarios proposed by the IPCC for the next 
50-100 years, redirects the disciplinary field to give 
priority to research on the thermal and energy 
situation of buildings in summer. 

These changes not only imply a sustained 
increase in temperature values, but also a change in 
the relationship between daily maximum and 
minimum temperatures, which were the 
methodological basis for the application of passive 
cooling strategies such as night-time ventilation. In 
other words, an effective and massive assessment 
of the current condition of existing buildings and 
their likely future behaviour is necessary in order to 
reorient energy efficiency and passive cooling 
strategies. Only in this way will it be possible to 
make accurate recommendations from academia to 
decision-making bodies for the implementation of 
public policies that will ensure the resilience of our 
cities throughout the 21st century (in line with the 
estimated useful life of buildings). 

 In the 5th Assessment Report, IPCC defined 4 
emission scenarios; the so-called Representative 
Concentration Pathways (RCPs), which take into 
account the effects of 20th century policies in 
mitigating climate change. See Table 1. 

 

Table 1.  
Four new emission scenarios. 5th IPCC Report. [14] 

Scenarios Radiative         
  Forcing (RF) 

RF  
Tendency 

CO2   
in 2100 

RCP 2.6 2.6 W/m2 decreasing 421 ppm 
RCP 4.5 4.5 W/m2 stabilizing 538 ppm 
RCP 6.0 6.0 W/m2 stabilizing 670 ppm 
RCP 8.5 8.5 W/m2 increasing 936 ppm 

 
A key question is whether a particular energy-

optimised design under the present climate and use 
conditions, would remain energy-optimised in the 
future emission scenarios.  

The objective of this paper is to assess climate 
change impact on passive strategies for IPCC’s 
Representative Concentration Pathway (RCP) and to 
identify buildings’ opportunities for adaptation to 
future extreme climatic conditions. 
 
2. METHODOLOGY 

The methodological framework for this study is 
presented in Figure 1.  

In specific, Section 2.1 describes briefly the 
location under study and its climate. Section 2.2 
describes building characteristics, configuration of 
the building simulation model in Energy Plus, its 
validation and thermal comfort criteria. The Bio-
Climatic Chart and selection of viable passive design 
strategies for buildings are detailed in Section 2.3. 
And Section 2.4 deals with future climate hourly 
building simulation under IPCC’s RCP 4.5 and RPC 
8.5 scenarios. 
 
Figure 1.  
Methodological framework. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Location and climate Adaptive 
thermal 

comfort criteria 

Effectiveness of 14 
passive design 

strategies 

Future climate 
hourly data in 2050 
and 2100 under RCP 

4.5 and RPC 8.5 
scenarios. 

Case Study 

Building simulation 
model in Energy plus 
 

Validation with 
consumption 

data 

Building 
bioclimatic 
charts with 

passive design 
strategies 

 

2.1 Location under study and climate  
A consolidated neighbourhood in the 

Metropolitan area of Mendoza, Argentina (South 
Latitude -33° 9', West Longitude 69° 15', Elevation 
1.950 masl) was chosen for this research.  

Mendoza has a in a continental temperate cold 
desert climate with important daily and annual 
variations. According with the classification of 
Koeppen [15], Mendoza has a climate Bwk. See 
Table 2 for temperature and radiation data. 

 
Table 2:  
Climate data for Mendoza, Argentina. [16] 

Annual values  
   Maximum mean temperature                  24.5 °C 
   Minimum mean temperature                      9.6 °C 
   Mean temperature                    16.5 °C 
   Global horizontal irradiance                    18.4 MJ/m2 
   Relative humidity                                         56% 
   Relative heliophany                     63% 
July  
   Maximum mean temperature                 15.7 °C 
   Minimum mean temperature                     0.8 °C 
   Mean temperature                     7.3 °C 
   Global horizontal irradiance                   10.2 MJ/m2 
   Relative humidity                                          63% 
   Relative heliophany                     58% 
January  
   Maximum mean temperature                   32.3 °C 
   Minimum mean temperature                     17.4 °C 
   Mean temperature                     24.9 °C 
   Global horizontal irradiance                     26.1 MJ/m2 
   Relative humidity                                          49% 
   Relative heliophany                     66% 
Heating degree-days (Tb = 18 °C)              1384 °C 
Cooling degree-days (Tb = 23 °C)                 215 °C 
 

2.2 Building characteristics, configuration of the 
building simulation model, and thermal comfort 
criteria 

As a case study, a detached single-family house 
was chosen. See Table 3 for its main characteristics. 

 
Table 3.  
Case study main characteristics. 

FORM 
Perimeter     68 m 
Useful area  170 m2 
Volume  425 m3 

ENVELOPE 
Opaque Walls   94 m2 
Windows   80 m2 
Roofs 170 m2 

COMPACTNESS COEFFICIENT     2 

THERMAL 
TRANSMITTANCE  

Walls (N, E, O) 2.41 W/m2°K 
Wall (S)  0.64 W/m2°K 
Windows 3.20 W/m2°K 
Roof  0.41 W/m2°K 

  Overall U VALUE  2.10 W/m2°K 
 

Methodology follows the recommendations of 
the International Energy Agency (IEA) in its Annex 
21 "Thermal Response Test" [17] that develops the 

concept of a “Performance Assessment Method" 
(PAM). A PAM is a guide to evaluate the building 
performance through the energy simulation of a 
building, which requires the establishment of a 
basic design case, the calibration of the model, the 
evaluation of the boundary conditions, the 
identification of problems, the generation of 
possible solutions and their evaluation. In this 
research, dynamic simulations were performed with 
Energy Plus v.9.5.0 software [18] Simplifications and 
assumptions in the virtual model followed ASHRAE 
90.1 [19] 

The simulated energy consumption results were 
compared with historical onsite energy 
consumption measurements from 2015 to 2019. 
The averaged measured energy consumption for 
heating and cooling allowed a reliable reference to 
calibrate the physical model in Energy Plus. 

 Table 4 shows the adjustment values achieved 
with the Energy Plus software, for a winter 
thermostat at 20°C and summer set at 26°C. 
Temperatures were set according to adaptive 
comfort criteria for free-running buildings in which 
heating and cooling systems are turned on and off 
when needed. [20]. The setting has a difference 
between measurements and simulation of 1.16 
kWh/m2 year in winter, and of 0.79 kWh/m2 year in 
summer. 
 
Table 4.  
Simulation validation. 

  
Measurement 
kWh/m2 year 

Simulation 
kWh/m2 year 

Validation 
kWh/m2  year 

Heating 25.70 24.55 1.16 
Cooling 17.36 18.15 0.79 

 
 
2.3 Building Bio-Climatic Chart and selection of 
viable passive design strategies. 

According to the Bio-climatic chart, Mendoza is 
within comfort temperatures 1641 hours a year, 
which is equivalent to only 68 days a year. 

 
Figure 2.  
Bio-Climatic Chart of Mendoza. [21] 
  
 
 
 
 
 
 
 
 
 

 
Thermal Inertia is suggested as adequate to 

couple with the high thermal amplitude on winter. 
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High thermal mass + passive solar gain account for 
4.012 more hours with temperatures within 
comfort ranges a year. This is equivalent to 167 
days a year. 

Sun Protection and Nocturnal Ventilation in 
summer are adequate strategies to regain internal 
comfort in 2.178 hours a year. That is 91 more days 
a year.  

Today, with the correct use of the suggested 
passive strategies it is possible to reach the 
equivalent to 326 days in comfort in the city of 
Mendoza. It must be taken into account that hours 
are add up in order to have an impression of how 
important passive design is in this latitudes, but, 
hours in comfort are unevenly distributed each day. 
That is most days have some hours in comfort and 
some hours which temperatures are under or over 
the comfort range. See Table 5 for details of the 
effectiveness of each passive strategy. 
 
2.4 Future climate hourly building simulation.  

IPCC’s RCP scenarios are the initial conditions 
and inputs for the General Circulation Models 
(GCMs) to forecast the climate change and obtain 
future climatic outputs.  

A GCM is a complex system of computer 
programs that numerically represent the physical 
processes, and to a lesser extent chemical and 
biological, that occurs in the atmosphere, oceans, 
cryosphere and the earth's surface and in a very 
simplified form of the biosphere. It is the most 
reliable tool currently available to simulate the 
climate system and its variations.  

Currently, the GCMs simulate the weather 
considering a three-dimensional grid on Earth with 
a general horizontal resolution of between 60 and 
200 km2, and up to 60 vertical levels in the 
atmosphere and similarly in the ocean. It has been 
verified that these models are capable of simulating 
the global characteristics of the climate and its 
changes recorded in the recent past.  

One of the biggest limitations of the MCGs is 
that they do not always make an adequate 
representation of the climate at the regional level 
due to their low horizontal resolution. This 
particularly affects regions that have strong 
topographical accidents or thermal contrasts.  

In the case of Mendoza, Argentina, this is a 
source of errors in the simulation of the climate in 
the entire Andean area and its surroundings due to 
the impossibility of adequately representing the Los 
Andes mountain range in models with low spatial 
resolution. 

The problem of the low resolution of the GCMs 
can be addressed with the use of higher-resolution 
regional climate models (RCM) that, due to their 
computational demand, are usually limited to a 
certain region. As the regional climate is in 

permanent connection with that of the rest of the 
planet, this approach makes sense if the simulation 
of the regional climate that the RCM performs, 
incorporates information from a GCM. The strategy 
used is to feed the boundary conditions of the RCM 
cross-linking, every certain time step, with the GCM 
outputs, a process known as ‘nesting’. [22-23] 

To assess the impact of climate change on 
passive strategies, a model within 24 available 
alternatives in 3CN CIMA [24] database and from 
the World Climate Research Program - WCRP [25] 
was selected. The global model CNRM-CM5 RCP8.5 
turned out the most suitable for Mendoza. 

Climatic conditions for future scenarios 
according to the 5th IPCC where generated to 
subsequently perform dynamic simulation of 
thermal-energetic behavior of the building for 
future climate change conditions. 

 
3. RESULTS AND DISCUSSION 
3.1 Climate change impact on passive strategies 

Fourteen passive strategies feasible to be used 
in continental temperate cold desert climates were 
studied under today’s climate and in four IPCC RCP 
future scenarios: RCP 4.5 (2050 and 2100) and RCP 
8.5 (2050 and 2100). 

Table 5 shows how the different climate change 
projected scenarios could impact on these 14 
passive strategies effectiveness.  
In Table 5 notice that:  
-  Hours in comfort in a free running building will be 
incremented almost a 20% from 1641 hours to 1917 
hours in the worst case scenario (find these 
information in the first line in Table 5). 
- In a continental temperate cold desert climate, 
high thermal mass is important today, and it still 
will be important in many years perspective. High 
thermal mass associated with night ventilation in 
summer will increment its importance (marked with 
a green single line box). 
- Sun shading of windows and cooling with 
dehumidification will be crucial in a years’ 
perspective in summer (marked with red dotted 
boxes). Sun shading of windows will rise from 1211 
hours to 1892 hours in the worst case scenario. And 
cooling need will increase dramatically from 175 
hours to 1386 hours in the worst case scenario. 
- In winter, passive strategies such as passive solar 
direct gain with low or high mass (marked with a 
blue double line box) will lose importance as 
climate will be warmer.  
 

Figure 3 shows graphically the projected 
increment under the four future scenarios of the 
two main summer strategies (sun shading of 
windows and cooling); and the projected decrease 
of the two main winter strategies today (Passive 
Solar direct gain with high and low mass). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  
Percentage of hours in a year where the different 
passive strategies are recommended for the city of 
Mendoza in  RCP 4.5 and RCP 8.5 (2050 and 2100) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2 Case Study –opportunities for adaptation  
Based on the obtained results for the 

Metropolitan Area of Mendoza, the impact of 
climate change on urban microclimate and 
expected changes in energy consumption of 
buildings during the next century, will present new 
challenges. The heat waves with respect to the 
present will be more extensive and are estimated to 
be incremented in 115 more days by 2050. The 
previous analyses on passive strategies show a clear 
tendency to the increment of cooling loads and a 
reduction of the heating requirement. 
-Scenario 1: The current situation (2020). Results 
are consistent with consumptions registered in the 
study case (heating = 25.7 kWh/m2year and cooling 
= 17.36 kWh/m2year). Heating represents the 57.5% 
and cooling 42.5%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- Scenario 2: CRP 4.5 (2050).This scenario in a time 
horizon in the near future of interest for adaptation 
policies, corresponds to moderate emissions that 
stabilize around 2075. Heating represents the 40.6% 
and cooling 59.4%.  
- Scenario 3: CRP 8.5 (2050).This scenario in a time 
horizon in the near future of interest for adaptation 
policies. Corresponds to the extreme case in which 
emissions will continue to grow with current trends 
until the end of the century to stabilize in 2200. 
Heating represents the 34% and cooling 66% 
- Scenario 4: CRP 8.5 (2100).This scenario in a time 
horizon in the far future informative on the long 
term. Its simulation is justified because it did not 
stabilize in the near future time horizon. Heating 
represents the 22.2% and cooling 77.8%. 
 
4. CONCLUSIONS 

This paper addressed climate change impact on 
passive strategies and buildings’ opportunities for 
adaptation in different IPCC’s RCP extreme future 
conditions, in a continental temperate cold desert 
climate with important daily and annual variations.  

It is a contribution to a relevant question in 
passive and low energy architecture: Would today’s 
energy-optimised design remain energy-optimised 
in the future emission scenarios? 

One of the main arguments placed retrofit and 
new designs in the hot spot for the reduction of 
carbon emissions, been existing buildings 
responsible for most emissions in cities in a decade 
perspective. Therefore, architectural design has a 
double jeopardy: building must perform today also 
and be able to adapt in future climatic scenarios, so 
it is highly important to acknowledge the main 
tendencies and take into account the big picture. 

It is interesting to notice that, in the case under 
study, when heating and cooling needs are added in 

% Hrs % Hrs % Hrs % Hrs % Hrs
1 Comfort 18.7 1641 22.4 1966 21.9 1917 22.2 1946 21.9 1917
2 Sun Shading of Windows 13.8 1211 17.4 1523 19 1665 19.9 1564 21.6 1892
3 High Thermal Mass 9.4 825 11 965 10.8 943 10.8 946 9.4 825
4 High Thermal Mass Night Flushed 11 967 15.1 1319 14.7 1292 14.6 1280 13.7 1198
5 Direct Evaporative Cooling 9.3 814 11.8 1030 10.8 944 11.4 999 9.7 847
6 Two-Stage Evaporative Cooling 10.4 908 13.6 1190 13 1136 12.7 1113 11.6 1014
7 Natural Ventilation Cooling 4.9 430 4.7 415 4.9 425 4.8 422 4.3 376
8 Fan-Forced Ventilation Cooling 2.7 239 3.1 271 3 266 3 265 2.8 249
9 Internal heat gain 32.1 2810 30.5 2671 28.4 2485 29.4 2574 25.1 2198

10 Passive Solar Direct Gain low Mass 13.5 1186 10.8 989 9 789 9.4 827 6.4 558
11 Passive Solar Direct Gain Higt Mass 22.8 2001 20.4 1877 19.7 1727 19.2 1678 15.5 1360
12 Dehumidification Only 2.4 212 3.2 277 4.4 388 4 347 5.6 493
13 Cooling, add Deshumidification if needed 2 175 4.1 362 8 703 5.3 468 15.8 1386
14 Heating, add Humidification if needed 19.5 1707 14.3 1256 12.4 1082 14.5 1271 9.8 860

Passive Strategies
Today RCP 4.5 RCP 8.5

2050 2100 2050 2100

Table 5. Passive strategies effectiveness in different Climate Change Scenarios. 
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a single figure the whole energy consumption 
present a variation of less than 10% (comparing 
today with the worst-case scenario) See Figure 4. 
 
Figure 4.  
Total energy consumption results for each climate 
change scenario. (RCP 4.5 and RCP 8.5 (2050 /2100) 

 
 
 
 
 
 
 
 
 
 
 
It is important to take into account that even 

though consumptions seem similar and variations 
are perceived as low between scenarios, the main 
aspect to discuss is in the use of the energy 
required. In the current situation prevails energy 
consumption for heating with 57.5% of the total, 
mainly covered by using natural gas as auxiliary 
energy (Net to primary energy conversion factor = 
1.25).  

While, in the worst scenario, predominates 
energy consumption for cooling with 77.8% of the 
total, mainly covered by using electricity (air 
conditioning split units (Coefficient Of Performance 
COP = 3, type A. Net to primary energy conversion 
factor 3.30). 

Therefore, it is important that design today has 
the ability in its DNA to adapt not only to 
temperature changes that might occur but also to 
the type of energy that might be needed. 
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ABSTRACT: The health crisis, of the COVID-19 pandemic has exacerbated the problems of overcrowding and poor 
construction quality of social housing in Chile develop by the State, impacting thermal comfort, indoor air quality, 
and energy poverty. This article analyzes the factors that help explain these deficiencies’ origin through a case 
study in the Biobío Region in Southern Chile. The objective is to evaluate physical environmental parameters like 
indoor temperature and relative humidity, from a local community through fieldwork measurements during the 
summer and winter seasons. In addition, identified relationships between users’ perceptions of their indoor 
environment experiences during the pandemic, with those measure parameters from a total of 260 survey 
questionnaire responses. The aim is to advance our knowledge and understanding through empirical studies of 
indoor environmental quality of social housing developed by the State and the different adaptive measurements 
residents take to find comfort.  Results confirm previous research findings of more than 15 years ago. Of poor 
indoor environments, social housing residents are exposed to, the urgent need for the State to improve current 
standards and construction quality to improve people's quality of life, health and well-being  
 
KEYWORDS Thermal Comfort, Social Housing, Energy Poverty, Housing Policy, and IEQ  
 
 

1. INTRODUCTION  
The poor quality in terms of habitability and 

energy poverty of social housing in Chile is a situation 
largely diagnosed and evidenced, even prior to the 
COVID-19 pandemic [1-3]. Deficient construction 
codes and the lack of local standards for indoor 
environmental quality (from here on IEQ), intensifies 
the risk and transmission of infectious diseases, such 
as influenza and the new virus SARS-CoV-2. In 
addition, overcrowding in social housing is 
characterized by its small average size (50-60 m2) 
[540-660 ft2]. The problem is large, which implies 
large-scale solutions.  

From 1990 to 2018 in Chile, the government has 
delivered 3.8 million social homes through housing 
subsidies. In the same period, 1.3 million partial 
subsidies were given to improve some aspects of 
existing housing quality, with a small fraction 
destined to improve the constructive quality of walls 
and ceilings [4]. This funding aimed to incorporate 
insulation in the envelope and enhance the thermal 
performance of dwellings and thus, make 
comfortable indoor temperatures, which can reduce 
heating demand. The reduction of heating demand 
can reduce outdoor pollution emissions of 

particulate matter (PM2.5) associated with wood 
burning and other indoor air pollution from open gas 
furnaces, both widespread household heating 
systems in Southern Chile.  

The poor air quality of many southern cities of 
Chile facilitates the spread of infectious diseases, 
particularly for vulnerable groups such as children 
and the elderly, which has caused the death of 
12,228 people in 2018 [5].  

The acknowledgment of this severe problem 
results in plans oriented to reduce emissions of fine 
particulate matter in the most polluted cities. This 
stimulates subsidies for improving deprived houses. 
However, they failed when their focus was only on 
reducing emissions through the optimizations of 
appliances and fuels, but not resolving the essence 
of the problem, which is to improve people's 
comfort, energy efficiency and indoor quality of 
homes.  

Under this scenario, a transdisciplinary group 
including researchers, practitioners, and residents 
has worked for over two years to evaluate and 
identify the gaps between existing IEQ conditions in 
social homes from comfort thresholds established in 
international standards. The group critically analyze 

 

the State's alternatives to improve comfort and 
energy efficiency, and then recognize the challenges 
of profound urban sustainability and propose 
solutions.  

This article analyzes the factors of thermal 
comfort, indoor air quality, and energy poverty that 
help explain these deficiencies' origin through a case 
study in the Biobío Region in Southern Chile. The 
objective is to measure environmental stressors and 
their perceptions during the pandemic. Physical 
environmental parameters included indoor 
temperature and relative humidity, and outdoor 
particulate matter (PM2.5 & PM10) from a local 
community through fieldwork measurements during 
the summer and winter seasons. Users' perceptions 
of their indoor environment experiences focused on 
the pandemic effects. The aim is to advance our 
knowledge and understanding through empirical 
studies of indoor environmental quality of social 
housing developed by the State.  
 
2. METHODOLOGY 
2.1 Field Site Selection  

The study was carried out through fieldwork 
measurements in the neighborhood of San Pedro de 
la Costa Stage I (SPdlC from its Spanish acronym), in 
the west side of the commune of San Pedro de la Paz, 
part of the metropolitan area of Concepción, Chile. 
Climate conditions for Concepción and San Pedro de 
la Paz, based on the Köppen Classification System, 
are temperate (Csb), with cold, mild winters and mild 
dry summers. From historical weather data from 
Climate Consultant 6.0–2018, the range of annual 
average temperature in Concepción is 13°C (55.4°F), 
an annual average minimum of 8°C (46.4°F), an 
annual average maximum of 18°C (64.4°F). The 
maximum temperature can reach up to 28°C (83°F) 
during the summer months (December through 
March) and the low temperature can reach -2°C 
(28°F) during winter (June through September). 
Relative humidity averages can range between 58% 
and 90%. 

 
2.2 Case Study 

SPdlC Stage I was built in 2005 and included 850 
homes on 162,509 m2 [40.16 acres] distributed with 
46% in residential usage, 39.35% for roads and 
streets, 9.37% for green spaces, and 5.36% for 
essential services. The neighborhood structure 
includes open spaces and squares, main urban roads, 
a diversity of essential services, and a mixture of 
residential and industrial zoning areas, see Figure 2. 
Currently, the neighborhood has a population of 
approximately 11,000 inhabitants, with a population 
density in the order of 232-359 inhabitants per 
hectare, concentrating high levels of overcrowding 
(11.6-19.4%) [6]. 

 
Figure 1:  
Case Study site location of the neighborhood San Pedro de 
la Costa I.  

 
Note: Area in blue is the analyzed neighborhood of San 
Pedro de la Costa I. Source: CEDEUS.  
 
Figure 2:  
SPdlC neighborhood structure layout & distribution of 
dwellings typologies.  

 
Note: Main elevation of the front façade of the four out of 
five main typologies of attached units commonly found at 
San Pedro de la Costa I.  Source: CEDEUS. 

The houses built were part of the Housing 
Program called “Dynamic Social Housing without 
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Debt” (Vivienda Social Dinámica Sin Deuda VSDSD 
from its Spanish acronym). This program eliminated 
credit assuming that families had a little debt 
capacity, and because there is no payment 
obligation, resources are used for the completion of 
their homes. The program employs the concept of 
“progressive housing” (Vivienda Progresiva for its 
Spanish term), in which the homeowners are 
responsible for at least 36% of the construction. This 
includes extending the square area, finishing indoor 
detailing and making spaces habitable and 
comfortable depending on owners’ needs. Securing 
the success of this policy is put onto homeowners 
instead of the State, lacking tools and support from 
the government [7].   

SPdlC Stage I project includes five housing 
typologies, of two stories each, some detached 
homes and other attached homes, as seen in Figure 
2. The original square area of the housing started at 
32m2 [344 ft2], putting a great deal of responsibility 
on the owners to upgrade and improve through 
various housing extensions to a least 50m2 [54ft2].  

The area of the original house in its first stage has 
an average of 35 m2, and it can reach between 50 to 
60 m2 through various stages of home extensions 
pre-considered in the original design. The houses 
were built with the 1st stage of the Thermal 
Regulation (2001), which considered insulation only 
in the roof. The construction of the initial home 
considers the following construction elements:  
 
Table 1:  
Housing construction building envelope materials and 
element composition. 
 

Element Composition Insultation 
Material 

Exterior Wall 

Level 1: Brick 
with cement 
stucco on both 
side 

None 

 

Level 2: Metal 
studs with OSB 
panel and 
drywall-
sheetrock 

None 

Roof 
Wood studs with 
drywall-
sheetrock 

Mineral wool 

Floor Cement slab with 
ceramic tiles  None 

Windows 

Single glazed 
pane, with 
aluminum frame 
and low 
emissivity  

 

Doors Wood, poor 
airtightness   

Note: Collected data from envelope checklist. Source: 
CEDEUS.  
2.3 Data Collection 

Ethical and responsible conduct research 
Approval was obtained by the Institutional 

Review Board (IRB) for research involving human 
subjects, from the Universidad de Concepción, prior 
to the start of data collection.  

 
Measurement of environmental parameters. 
Fieldwork measurements of indoor and outdoor 

environmental parameters were collected in two 
campaigns: 1) winter 2019 (July-August) in 16 
homes, and 2) summer 2020 (January-February) in 8 
homes. ibuttons sensors were used to collect 
ambient air temperature, and relative humidity 
every 10 minutes at the height of 1.1 m (3.6 ft) with 
a resolution of 0.065 degrees and ±0.5ºC accuracy 
for indoor and outdoor measurements. Various 
studies have used ibuttons temperature sensors in 
fieldwork to gather perceptions of users and physical 
parameters. As an example, the study by Venter et 
al. (2019) indicates that they are useful in studies 
related to health since they can represent the 
perception of people [8]. Sarricolea et al. (2008) 
focused on Urban Heat Island (UHI), where they 
complement fixed and mobile temperature 
measurement stations. In addition, the impact of 
green spaces through the use of vegetation and its 
distribution on mitigating UHI has been evaluated 
using ibuttoms in previous studies [9, 10]. 

 
Figure 3:  
Location of ibuttoms indoors and outdoors.  

  
Source: CEDEUS. 

 
Survey Questionnaire 
In order to gain users' perceptions and 

experiences of their homes' indoor environment 
during the pandemic, a total of 216 survey responses 
were collected in the neighborhoods of the study 
area: Coastline of San Pedro de la Paz, as seen in 
Figure 4. The questionnaire contemplated a self-
application technique through a web online survey 
and interview-based by phone. A subsample of 66 
responses analyzed for the neighborhood of San 
Pedro de la Costa I for this paper see Figure 4. The 
aim of the survey called: “Covid-19: What is 
happening in my neighborhood”, was to investigate 
the perceptions of the inhabitants in various areas 
that affect the quality of urban life, such as 

 

walkability, mobility, indoor thermal comfort of 
homes, and citizen participation and the relationship 
with state institutions. The questionnaire had 70 
questions with an average length of 15 minutes each.  

For one month, the survey was conducted in 
Spanish to adults older than 18 years old for men and 
women residents in the Coastline of San Pedro de la 
Paz. The thermal comfort section of the 
questionnaire asked questions about the resident's 
type of heating system used during winter, economic 
difficulties for heating during the pandemic, and 
perception of thermal sensation in winter.   
 
Figure 4:  
Neighborhoods involved in the survey responses of the 
study area: Coastline of San Pedro de la Paz.   
 

 
Note: Five different Neighborhoods participated in the 
questionnaire as highlighted in different colors. The area in 
blue is the sub-sample of 66 survey responses analyzed for 
the neighborhood of San Pedro de la Costa I. Source: 
CEDEUS. 
 
3. RESULTS 
3.1 Deficiency constructive quality of the housing 
envelope 

Poor airtightness was found in homes analyzed, 
leading to energy loss to the outside. Openings, like 
broken windows or holes in the building envelope 
due to poor construction detailing, it was estimated 
4 air changes per hour (ACH) due to infiltrations in 
the wall cavities. Cold surface temperatures promote 
external condensation and mold growth inside the 
envelope and in indoor spaces, affecting 
construction materials and their residents' health 
and well-being. From field assessments, these 
dwellings present: discontinuous or non-insulated 

material, with single glassed windows and doors with 
little airtightness causing high thermal 
transmittance, heat losses caused by air infiltrations 
in winter, and overheating in summer, affecting 
directly residents' indoor comfort conditions. 

 
3.2 Deficiency IEQ affecting comfort, health, and 
well-being 

Data reveal minimal differences between indoor 
and outdoor air temperature in winter, with low 
indoor temperatures in many cases not higher than 
5˚C than outdoor temperatures. From survey 
responses, 85% declared being cold most of the time 
in their homes. More than 56% declared having 
difficulties paying their heating, increasing up to 85% 
for those with low income (< CLP 150.000 (Chilean 
pesos)) [approximately < 200.00 USD] versus 75% for 
middle-low income ($150.000-350.000 CLP) [approx. 
200-450.00 USD]. 
 
Table 2:  
Summary of outdoor and indoor air temperature 
measurements for Winter and Summer Season.  

Note: Data was collected from three different main 
façade orientation (north, south and west orientation) 
and home typologies. Temperature values are in degree 
Celsius (°C). Source: CEDEUS. 
 

From preliminary observational fieldwork in the 
original 850 social housing project of stage 1 (SPdC 
1), it is possible to identify that 95.2% (810 homes) 
have altered their original construction design. In 
other words, only 40 dwellings (4.7%) retain their 
original structure. Due to the existing modifications 
that these social housings currently have, a 
diagnostic fieldwork evaluation of a subsample of 
106 was visited. The latter resulted from a pre-
evaluation of dwelling's conditions that did not have 
major modifications to the original design and could 
potentially get regularized. Thus, homeowners could 
apply to a new program developed by the 
government to retrofit existing building envelopes to 
improve thermal and energy performance through 
the installation of wall insulation.  

During fieldwork, qualitative observational data 
was also gathered through a technical checklist 
requested by the Municipality San Pedro de la Paz, 
Public Works Department. In addition, notes of 
construction materiality, envelope conditions, 
housing extensions, and documented photography 
during in walk-in inside homes.  
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Multiple forensic pathologies were identified, as 
shown in Table 3, classified into three categories: 
Dwelling construction materiality, self-construction 
solutions and irregular house extensions, and 
material & usage weathering.  

From the 106 visits, an average of 4 to 5 people 
lived in each dwelling. Approximately 90% of the 
houses have shared bedrooms, in which more than 
three people live inside, between 9 to 12 m2 [97 to 
130 ft2]. It was observed that the main reasons for 
house extensions is to increase the number of 
bedrooms and to increase social areas such as the 
kitchen or living room.  

 
3.3 Perception of inhabitants and experiences of 
dwelling’s indoor environment 

Demographically the results characterize a 
population of low income of less than $500,000 CLP 
(65%) Chilean Pesos [approximately 613.00 USD], 
where 43% receive less than $350,000 CLP the latter 
being a figure equivalent to the country's monthly 
minimum salary [approx. 430.00 USD] in comparison 
to the minimum wage in US, approx. 1,250.00. 

Households are mainly inhabited by four or fewer 
people representing 48% of the survey responses, 
and 20% of dwellings have two or more families. 

When asked about how they lived in the past 
winter (2020), 85% stated that they were cold in 
their homes and felt colder than in the previous 
winter (2019). Of the responses, 29% are cold always 
or almost always. The percentage of these responses 
was higher in households with lower incomes. Thus, 
households with incomes below $150,000 CPL felt 
cold 97%, in 52% experienced it always or almost 
always. Meanwhile, where the income is between 
$150,000 to $350,000 CPL, 95% of households were 
cold, and 33% experienced it always or almost 
always. These figures tend to decrease as income 
increases. 

When asked to identify the most important 
problem inside their homes, 35% identified that 
being cold was the most important problem, fallow 
by crowdedness at their homes with 31%, and 16% 
indicated the lack of direct sunlight in their patio the 
third most common problem. The lower the income, 
the higher the identification of cold thermal 
sensation experiences inside their homes as the 
most significant.  

In addition, from the survey responses, more 
than half (56%) of residents declared having 
difficulties heat-up their homes during winter, a 
result that increases to 85% among those with less 
than $150,000 CLP monthly salary and 75% within 
the range of $150-350.000 CLP. Thus, decreasing 
successively with higher incomes.  

Among the houses without extensions, the main 
problem is the lack of space, while in those with 

extensions, it is the cold thermal sensation. On the 
other hand, the cold is the main problem identified 
in houses with up to four people, while with five or 
more people, the main problem identified is the lack 
of space and crowdedness. 

As for the San Pedro de la Costa Stage 1 
neighborhood, corresponding to 66 cases in the 
sample, 58% of households have between 3 or 4 
family members. In contrast, households with five or 
more represent 24% of the households. Regarding 
the perception of cold thermal sensation in their 
homes, 34% of the people surveyed indicated that it 
is the most important problem during the winter, 
followed by the lack of space (26%). The 46% of 
those surveyed associate problems with interior 
conditions derived from spending more time inside 
their home during the winter in the middle of the 
pandemic due to enforced quarantines by the 
government. 

Multiple forensic pathologies were identified, in 
Table 2, classified into three categories: Dwelling 
construction materiality, self-construction solutions 
and irregular house extensions, and material & usage 
weathering.  
 
Table 3:  
Forensic pathologies identified in building envelope & 
usage weathering. 
 

 Image Diagnostic 

Dwelling 
construction 
materiality 

 

Lack of wall insulation 
causes cold interior 
surfaces in winter, 
condensation, mold & 
humidity 

 

Thermal bridges with 
discontinuous insulating 
material are evident, 
which provides energy 
losses to the outside 

Self-
construction 
solutions & 

irregular 
extensions 

 

House extensions take 
up most of the site’s 
footprint, leaving little 
patio and access to 
daylight. Extensions are 
made with low-quality 
construction materials, 
with poor finishes favor 
air and water infiltration 
and leakage from the 
outside, letting the 
interior air escape. 

 

Material & 
usage 

weathering 
 

High concentration of 
clutter indoor and 
outdoor in homes. High 
concentration of dust in 
rooms utilize as storage.  

Note: Categories of multiple forensic pathologies identified 
through an observational diagnostic of existing housing 
conditions of building envelope materials 
 
4. CONCLUSION 

 

Constructive solutions of social housing are poor 
and imply additional severe health and well-being 
problems due to deficient indoor environmental 
quality such as thermal comfort, which are not 
solved by only modifying heating systems or energy 
sources. The state needs to address the problem 
from its origin, which is to improve housing 
envelopes and indoor conditions systematically.  

The challenge is not only for future social housing 
to be built with higher construction quality standards 
and indoor habitability but also a considerable effort 
should be paid to repair deficiencies through retrofit 
techniques of existing housing construction towards 
a more sustainable approach. It is urgent to increase 
the responsibility, relevance, and 
comprehensiveness of current policies and 
incentives of the state, which truncate the 
possibilities of the well-being of the communities 
and threaten the sustainability of the cities. 
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and performance between one residential unit built to passive house 
standards and another residential unit built to conventional standards  
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ABSTRACT: Passive House buildings are considered to be the epitome of high-performance design. Industry 
experts understand that Passive House design implies airtightness and ultra-low energy consumption. High-
performance design is also associated with superior air quality and thermal comfort, but how do these variables 
actually perform in a real-world design? This paper unravels the benefits and drawbacks of an anectodal 
experience living in a Passive House-designed multifamily residential building in Manhattan, New York. Three 
variables, which include indoor air quality, thermal comfort, and energy consumption have been studied to 
compare a Passive House building to a conventional building of similar size in the same neighborhood in 
Manhattan, New York. In this work, the author concluded that the Passive House unit differed in air quality with 
an 894% increase in average TVOCs, a 155% increase in average CO2, and a 2% reduction in average PM2.5  as 
compared to a conventional unit. The author additionally concluded that the Passive House unit had thermal 
comfort improvements resulting from a 13-degree F reduction in temperature differential, a 24% improvement in 
average humidity, and a 14% annual reduction in energy consumption from electricity end uses as compared to 
a conventional unit.  
 

1. INTRODUCTION  
       The experiment was conducted over a one-year 
period and measured the performance of three 
variables: air quality, thermal comfort, and energy 
consumption. First, the experiment involved 
measurements taken in one unit in a conventional 
building constructed in 1921 in the Hamilton 
Heights neighborhood of Manhattan, New York.  
Second, the experiment involved measurements 
taken in one unit in a Passive House building 
constructed in 2017 in the same neighborhood. 
Both measurements were taken on separate dates 
as the author did not occupy the units for the same 
timeframe. 
1.1 Indoor Air Quality Background 
       Humans spend approximately 90% of their time 
indoors (EPA). It’s estimated that the indoor 
concentration of pollutants is 2-5 times the outdoor 
concentration of pollutants. (Fisk, 2017, p.909-920; 
Parsons Healthy Materials Lab; EPA). This suggests 
that creating an indoor environment with good air 
quality is essential to human health and wellbeing. 
Several variables contribute to environmental 
quality. Poor air and environmental quality are 
prime contributors to sick building syndrome (SBS) 
among other factors (Joshi, 2008, p.61-64). The 
environmental performance variables discussed in 
this report are detailed in the following section.   
1.1.1 Total Volatile Organic Compounds (TVOCs)  

       Airborne chemicals come from a variety of 
indoor sources. Furniture, wet-applied products 
such as paints and glues, cleaning products, 
products with synthetic fragrances, such as candles, 
and secondhand smoke are significant sources of 
TVOCs indoors (Joshi, 2008, p.61-64). While TVOCs 
can go unnoticed by occupants, high concentrations 
can cause significant health issues. Exposure to 
formaldehyde and benzene is associated with eye, 
nose, and throat irritation, but more importantly, 
exposure to formaldehyde is linked to 
nasopharyngeal cancer and leukemia (International 
Agency for Research on Cancer, 2018). Acute 
exposure to high levels of toluene can cause central 
nervous system dysfunction and narcosis in addition 
to dizziness and loss of coordination (National 
Research Council, 2009; EPA,2017). 
       An acceptable TVOC range is between 0  and 
333 parts per billion (ppb) as illustrated by the air 
quality sensor application developed by Awair and 
shown in Figure 1 in green. Yellow, orange, and red 
are in the ranges that could cause adverse health 
impacts for building occupants.  
 
Figure 1:  
TVOC Concentration Range 
 

 

 

 

 
 
 
1.1.2 Carbon Dioxide (CO2)  
       A high concentration of CO2 is a prime 
contributor to reductions in cognitive ability, 
associated with headaches, drowsiness, and a proxy 
for adequate or inadequate ventilation (Fisk & 
Mirer, 2009, p.159-165). The American Society of 
Heating, Refrigerating, and Air-Conditioning 
Engineers (ASHRAE) requires a minimum of 5 cubic 
feet per minute (CFM) of outdoor air per person for 
a bedroom or living room (ASHRAE 62.1, 2016, 
p.14).  Improving ventilation to approximately 20-50 
cfm/person can have a 29% decrease in the 
prevalence of SBS symptoms (Fisk & Mirer, 2009, 
p.159-165). CO2 levels at even 1000 ppm can have 
negative health impacts on humans and have been 
measured in poorly ventilated spaces (Jacobson, et 
al, 2019, p.691-701).  
       While there is not yet agreement on optimal 
CO2 levels, an acceptable CO2 range is between 400  
and 600 parts per million (ppm) as illustrated by 
Awair and shown in Figure 2 in green. Note that 
atmospheric CO2 is at 400 ppm and readings below 
400 ppm are unrealistic. Yellow, orange, and red are 
in the ranges that could cause adverse health 
impacts for building occupants.  
 
Figure 2:  
CO2 Concentration Range 
 

 
 
1.1.3 Particulate Matter (PM2.5)  
       Particles that have a diameter of less than 2.5 
microns (µm) are known as PM2.5 and are 
considered fine particles. They can penetrate deep 
into the lungs and are linked to greater health risks 
compared to larger particles, such as PM10 (Xing, et 
al., 2016, p.E69-E74). Inhaling elevated levels above 
10 micrograms per meter cubed (g/m3) of 
particulate matter has been linked to adverse 
health effects, such as cardiopulmonary issues and 
lung cancer (Rückerl, et al, 2011, p.555-592; WHO, 
2010).  
       An acceptable PM2.5 range is between 0  and 15 
µg/m3 as illustrated by Awair and shown in Figure 3 
in green. Yellow, orange, and red are in the ranges 
that could cause adverse health impacts for building 
occupants.  
 
 
 

 
 
 
Figure 3:  
PM2.5 Range 

 
 
       Unlike TVOCs and CO2, PM2.5 does not require 
additional ventilation to reduce concentrations. A 
filter, such as one with a Minimum Efficiency 
Reporting Value (MERV) higher than 13 is enough to 
capture PM2.5 and recirculate clean air. TVOCs, 
however, require carbon filtration to adsorb 
chemicals from the air or the introduction of 
outdoor air. CO2 requires the introduction of 
outdoor air to replace CO2 saturated air. While the 
introduction of outdoor air is essential for good air 
quality, it is associated with higher energy 
consumption, especially to temper outdoor air 
supplied in cold climates. Additional outdoor air in 
areas with poor outdoor air quality requires 
filtration media to reduce particulate matter from 
entering the indoor environment. 
       Temperature and humidity can equally impact 
air quality and occupant health and wellbeing and 
are considerable variables to incorporate when 
discussing thermal comfort. The impacts of these 
variables are detailed below.  
1.2 Thermal Comfort Background 
1.2.1 Temperature 
       Thermal dissatisfaction is associated with too 
hot or too cold conditions that can contribute to 
health impacts, such as dry throat, coughing, itchy 
skin, and fatigue (Mendell & Mirer, 2009, p.291-
302; Joshi, 2008, p.61-64). Too low indoor 
temperatures can increase blood pressure, asthma 
symptoms, and are associated with poor mental 
health while too high indoor temperatures are 
associated with emergency hospitalizations, 
cardiovascular and all-cause mortality. 
Temperatures outside of the acceptable range can 
lead to poor employee performance in an office 
environment and increased absenteeism.  
       An acceptable air temperature range is between 
64 and 77 degrees F as illustrated by Awair and 
shown in Figure 4 in green. Yellow, orange, and red 
are in the ranges that could be thermally 
uncomfortable for building occupants.  
 
Figure 4:  
Temperature Range 
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1.2.2 Humidity 
       Exposure to high or low humidity over the long 
term can lead to the potential accumulation of dust 
mites and mold, which can negatively impact 
occupant respiratory health (Arundal, et al., 1986, 
p.351-361; EPA, 2016). High indoor humidity is 
associated with discomforts such as stuffiness or 
staleness while low indoor humidity is associated 
with favorable transmission of certain viruses, such 
as influenza, increase in respiratory issues, as well 
as eye irritation, and dryness of the nose and 
throat.  
       An acceptable humidity range is between 40% 
(the lowest is 30%  as described in a Mayo Clinic 
study published in 2015) and 50%  as illustrated by 
Awair and shown in Figure 5 in green. Yellow, 
orange, and red are in the ranges that could cause 
discomfort for building occupants.  
 
Figure 5:  
Humidity Range 
 

 
 
1.3 Energy Consumption Background 
       Passive House Institutes in the US and 
internationally emphasize a passive approach to 
energy reduction by improving façade design. 
Passive House buildings aim to reduce heating and 
cooling loads compared to conventional buildings, 
particularly in cold climates, as they are well 
insulated, tightly sealed, and lack thermal bridging 
(Passive House Institute US (PHIUS)).    
 
2. METHODOLOGY 
       The methodology involved an assessment of 
indoor environmental quality (IEQ) characteristics in 
one apartment unit of roughly 800 square feet in a 
conventional building and one apartment unit of 
similar size in a Passive House building. Quantitative 
measurements utilized data collected by an Awair 
air quality sensor. Both units had the same type and 
number of appliances. Both units and their 
respective buildings were of roughly similar size and 
within a half-mile radius from each other in 
Manhattan, New York. Only one occupant of the 
apartment unit was present during the time period 
of the datasets shown in this paper. An important 
consideration is the location of the occupant in 

each apartment unit. In the case of the 
conventional unit, the occupant lived in a separate 
room from where the experiment had taken place. 
In the Passive House unit, the author occupied the 
same room as the experiment. Both units were 
occupied during different timeframes and the 
location of the monitor in each unit may contribute 
to variations seen in the data. A summary 
comparison of each unit is shown in Table 1.  
Table 1:  
Unit Comparison 

Conventional Unit Passive House Unit 
Location Manhattan, NY, USA Manhattan, NY, USA
Climate Zone 4A 4A
Size of Unit ~ 800 SF / 3 bedroom ~ 800 SF / 2 bedroom
Size of Building 5 Stories / 20 units 7 Stories / 34 units
Floor Level 2 5
Glazing Orientation 235 Degrees SW 235 Degrees SW
Window to Wall Ratio (WWR) ~ 10-20% ~ 40-50%
Envelope Performance Unknown Unknown
Equipment Power Density Unknown Unknown
Lighting Power Density Unknown Unknown
Heating Central Steam Boiler ERV
Cooling Window AC ERV
Ventilation None ERV
Gas/Electric Cooking Gas Electric 
Awair Sensor Location Bedroom Bedroom  
 
3. EXPERIMENT 
       The data analyzed in this paper were collected 
using an Awair air quality sensor with a collection 
frequency of 5-minute intervals at a height of two 
feet above the floor and at a location away from the 
window. The air quality data collected in the 
conventional unit (CU) were collected for the month 
of November 2020, while the data collected for the 
Passive House unit (PHU) were collected from the 
time period of December 2020 through December 
2021. For the purposes of this paper, shorter 
periods of data are highlighted to show certain 
trends and links to the variables. The results 
discussed in detail are based on the following data 
sets pertaining to each variable. The decision to 
solely include air quality and thermal comfort 
during the winter was made because natural 
ventilation was consistently used during the 
shoulder seasons and summer months and 
therefore does not show the impact of a sealed 
indoor environment. While windows were opened 
for certain time periods during the study period, 
this is noted in the discussion section.  
Indoor Air Quality and Thermal Comfort: 
CU – November 18, 2020 – November 28, 2020 
PHU – December 22, 2021 – January 2, 2022 
Energy Consumption: 
CU – November 2019 – October 2020 
PHU – November 2020 – December 2021 

 

 

       Indoor air quality,  energy consumption, and 
thermal comfort were quantitatively measured, 
however, there is a certain level of qualitative 
analysis associated with thermal comfort as this is a 
subjective variable. Limitations to data collection 
are due to the variables available for measure using 
the Awair Element sensor and the available 
information from ConEdison utility bills for both 
residential units.  
 
4. RESULTS AND DISCUSSION 
       The results discussed below are correlated to 
graphs shown in a separate appendix not included 
within this paper due to page number limitations.  
4.1 Indoor Air Quality  
       Between the two units, indoor air quality differs 
depending on the variable studied.  
4.1.1 Total Volatile Organic Compounds (TVOCs)  
       The concentration of chemicals in the air was 
significantly higher than acceptable concentrations 
for a majority of the time period in the PHU while 
remaining at acceptable concentrations in the CU. 
Periods of lower concentrations in the PHU can be 
linked with windows being opened to provide 
additional ventilation. While the dataset shows 
periods of acceptable TVOC concentrations, the 
TVOC concentration was never reduced below 333 
parts per billion (ppb) when windows were not 
open. The maximum concentration of TVOCs 
recorded during the study period was 21,250 ppb. 
This is well above the threshold of 8,332 ppb, which 
is considered hazardous according to Awair. 
4.1.2 Carbon Dioxide (CO2)  
       The concentration of CO2 in the PHU was 
consistently elevated when there was an occupant 
in the same room as the Awair sensor. During the 
study period, the author was primarily in a separate 
room during the day and in the same room as the 
Awair sensor at night. Even while the author 
occupied a separate room, the CO2 concentration 
remained at an elevated position between 600 and 
1000 parts per million (ppm). Periods of CO2 
concentrations below 600 ppm are predominantly a 
result of increasing ventilation by opening a 
window.  
       The CU CO2 concentration remained around 400 
ppm, though the occupant in the CU was primarily 
in a different room. A key data point is when the 
CO2 concentration jumps to 1650 ppm while there 
is an occupant in the same room. There is a 
noticeable and rapid decline back to 400 ppm once 
the occupant leaves the room. In the PHU, even 
when there are no occupants in the unit, the CO2 
concentration remained between 600 and 800 ppm 
(not shown in the datasets in this paper).  

       An additional dataset for a one-day period 
resulted in a maximum CO2 concentration of 1983 
ppm with the windows closed during this 
timeframe.  
 
4.1.3 Particulate Matter (PM2.5)  
       The concentration of particulate matter of 2.5 
microns or less in diameter was similar in both the 
CU and PHU. While infiltration in the CU is a 
contributor to particulate matter, dust and indoor 
activities such as cooking primarily impacted 
particulate matter concentrations in the PHU. 
PM2.5 trends at acceptable levels other than an 
elevated period due to cooking activities and the 
lack of a range hood exhausting air to the outside.  
 
4.2 Thermal Comfort 
       Following closely the impact of envelope 
performance on energy consumption is the impact 
on thermal comfort. Thermal comfort is influenced 
by six factors, which include air temperature, mean 
radiant temperature (MRT), humidity, air velocity, 
clothing insulation, and metabolic rate (Fanger, 
1973, p.313-324). The concept of comfort is 
subjective and depends highly on an individual’s 
psychological, physiological, and behavioral factors 
(Frontczak, Wargocki, 2011, p.922-937). Due to the 
limitations of this experiment, only air temperature 
and humidity data have been collected.   
4.2.1 Temperature  
       Air temperature differed significantly between 
units. The CU had more frequent temperature 
swings due to inconsistent heating and a poor-
performing envelope, which included high 
infiltration rates and thermal bridging at the IGUs. 
The data shows that while the temperature was 
predominantly in the comfort range between 64 
and 77 degrees F, the lowest temperature in the 
space was 59 degrees F. Windows were not opened 
during this study period.  
       The PHU on the other hand had a consistent 
trend of stable temperatures that were subjectively 
comfortable throughout the study period even 
when windows in other rooms had been opened for 
certain periods of time. The PHU has a low 
infiltration rate and mitigated thermal bridging.  
4.2.2 Humidity  
       Similarly, humidity differed significantly 
between the units. The lack of humidity control in 
the CU meant that the humidity tracked outdoor 
humidity levels closely and was predominantly 
outside of the acceptable humidity range (40-50%). 
The PHU had a higher level of humidity control. 
When windows are not open, the humidity in the 
space was consistently in the acceptable range.   
 
4.3 Energy Consumption 
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       Between the two units, energy consumption is 
similar for electricity end uses that are not heating 
or cooling. Detailed analysis was not performed to 
understand the intricacies of the end uses and exact 
performance criteria such as envelope values, 
lighting power densities, equipment power 
densities, and HVAC efficiencies are not known, nor 
were the various end uses submetered. In addition, 
heating energy use in the CU was not accessible by 
the author as it is typical for the building 
management company to cover this cost for 
tenants. Therefore, electricity rather than total 
energy consumption data for each unit can only be 
compared at a conceptual level.  
 
5. CONCLUSION 
       In this work, the author summarized the post-
occupancy performance of an apartment unit in a 
Passive House building compared to a similar 
apartment unit in a conventional building.  
 
5.1 Indoor Air Quality  
5.1.1 Total Volatile Organic Compounds (TVOCs)  
       TVOCs in the PHU were 2279 ppb on average 
compared to 229 ppb on average in the CU. This is 
an 894% increase in average TVOC concentration. 
While the source of the TVOCs is still unknown, the 
likely conclusion is second-hand smoke from 
cigarette smokers and scented candle use by 
neighbors on the same floor. The entrance to the 
PHU is not well sealed and the recirculation intake 
is located at the entrance of the PHU.  Possible 
other spikes in TVOC concentration can be related 
to cooking with aromatic foods and cleaning 
activities during which TVOCs were mitigated by 
increasing ventilation by opening the window 
within the PHU. Since the unit had not been 
recently painted or new furniture introduced prior 
to the study period, off-gassing was an insignificant 
concern. Lastly, the PHU had its own ERV with 
supply air intake and exhaust only catering to the 
PHU and therefore contaminants were not 
exchanged between other units through ducts.    
5.1.2 Carbon Dioxide (CO2)  
       CO2 was 1329 ppm on average in the PHU 
compared to 470 ppm on average in the CU. This is 
a 155% increase in average CO2 concentration. The 
source of CO2 is known and serves as a proxy to 
determine whether the space was receiving 
adequate ventilation. The likely conclusion is that 
the space did not receive adequate ventilation to 
reduce the high presence of contaminants such as 
CO2 and TVOCs. While the thermostat and 
ventilation control were confirmed early in the 
experiment with the building’s superintendent and 
design engineer, further steps to investigate the 
issue should be considered. 

5.1.3 Particulate Matter (PM2.5)  
       PM2.5 was 2.81 µg/m³ on average in the PHU 
compared to 2.88 µg/m³ on average in the CU. This 
is a 2% reduction in particulate matter, however, 
both levels are acceptable for what is considered to 
be good indoor air quality and were not of concern.  
       Based on these findings, particulate matter is 
less associated with the type of building and more 
with the use of air filtration devices whether 
freestanding or within the HVAC system. Cleaning 
filters frequently is important to avoid particulate 
matter build-up that can impact airflow and 
filtration efficacy.  
 
5.2 Thermal Comfort 
5.2.1 Temperature  
       While both the PHU and CU maintained a 
similar average temperature, the PHU had a 6-
degree F temperature differential between 70 and 
76 degrees F while the CU had a 19-degree F 
temperature differential between 59 degrees F and 
78 degrees F. This is due primarily to poor envelope 
performance and inconsistencies in heating 
supplied via steam radiator in the CU.  
       While setpoints were not applicable to the CU 
since heating and cooling are provided by 
uncontrollable steam radiators and window air 
conditioners, the PHU setpoints were set to 75 
degrees F during the summer (cooling season) and 
between 67 and 70 degrees F during the winter 
(heating season). It should be noted that due to the 
envelope performance of the PHU, and with the 
addition of internal gains such as heat from people, 
lights, cooking, clothes dryer, computer equipment, 
as well as beneficial external solar gain, the space 
maintains an average temperature of 72 degrees F, 
which is higher than the minimum heating setpoint.  
5.2.2 Humidity  
       Humidity was 40% on average in the PHU 
compared to 32% on average in the CU. This is a 
24% improvement in humidity in the PHU and falls 
within a comfortable range. This is primarily due to 
active conditioning provided by the ERV in the PHU 
as compared to no active conditioning in the CU.   
 
5.3 Energy Consumption 
       The annual reduction in electricity consumption 
in the PHU was 14%. These results require 
additional analysis to understand overall energy 
consumption by incorporating heating energy from 
the steam boiler in the CU. Due to limitations in 
accessing this data, only electricity consumption has 
been compared.  
 
5.4 Overall Conclusions 
       The results suggest that Passive House units 
may require a higher rate of ventilation to reduce 

 

 

detrimental health impacts of high concentrations 
of indoor pollutants such as TVOCs and CO2. More 
specifically, occupants are not always aware of the 
air quality within their units and therefore occupant 
engagement, such as opening a window or using air 
filtration devices, are not options when air quality is 
poor. Similarly, occupants generally do not know 
when to alert the building engineer or 
superintendent to inspect equipment.   
       A key finding is that a well-sealed building such 
as the case for the Passive House building needs 
additional design thought to ensure occupant 
health and wellbeing are prioritized. Based on the 
experiment’s findings, there are key considerations 
that should influence how designers and engineers 
design high-performing buildings. These key 
considerations include to:  
1. Implement HVAC and envelope commissioning 

to ensure ventilation is adequate and perform a 
blower door test to ensure infiltration of air 
and water is significantly reduced. 

2. Ensure proper sealing around doors and 
windows to mitigate infiltration. 

3. Implement natural ventilation to reduce energy 
consumption and improve air quality. 

4. Implement healthier materials to reduce 
occupant exposure to TVOCs. 

5. Implement triple-pane glazing to improve 
thermal comfort and reduce indoor air 
temperature swings. 

6. Perform post-occupancy evaluation of indoor 
air quality. 

7. Consider and account for potential user or 
occupant errors such as leaving windows and 
doors open that can reduce energy 
performance. 
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ABSTRACT: Spaces modified by anthropogenic activities reflect climatic and environmental alterations such as 
the Urban Heat Island phenomenon. A commonly used measure for thermal performance improvement in urban 
spaces is the incorporation or increase of vegetation, particularly endemic vegetation, due to its low 
maintenance requirements. The rapid expansion of the COVID-19 pandemic has drastically modified the 
activities, occupation, influence, and perception of users in urban spaces. In this study, a comparative thermal 
and vegetative analysis was carried out within an urbanized area with a hot dry climate, taking UHI variables 
such as Land Surface Temperature (LST) and Normalized Difference Vegetation Index (NDVI), during the period 
of lockdown due to the contingency and normalized typical periods. The objective was to know the weighting of 
anthropogenic activities in the thermal and vegetative profiles of a city with hot dry climate (Mexicali, Mexico). 
Temperature patterns in the winter season showed a constant surface temperature in 2019 and 2020, however, 
in 2021 the homogeneous distribution of temperature is noteworthy. In summer, the studied period of 2019 
presented an oscillation of 6°C, while in 2020 temperature oscillation diminished, as the temperatures in some 
areas dropped by 2°C. 
KEYWORDS: Land Surface Temperature, NDVI, Tele-detection, Urban Heat Island, Covid-19 
 
 

1. INTRODUCTION 
Spaces modified by anthropogenic activities 

reflect climatic and environmental alterations from 
micro, medium and macro scales such as the Urban 
Heat Island (UHI). UHI is often the result of drastic 
changes in land use, observed in urbanized areas, 
usually to accommodate the relentless increase in 
urban population (Ngarambe et al., 2020). Urban 
sprawl and industrialization immersed in these 
areas, will only be exacerbated in the short term, as 
the UN indicates, by the year 2030, 60% of the 
world’s population will live in urban areas (ONU, 
2014), this has forced researchers, urban planners 
and builders within the private, public and 
academic sectors to seek sustainability and urban 
health measures to mitigate these adverse effects.   

To determine urban thermal patterns, Land 
Surface Temperature (LST) has become and 
affordable methodology for measuring and 
monitoring UHIs (Zhou & Chen, 2018), information 
that allows us to analyze the isotherms 
corresponding to the temperatures recorded on 
built surfaces. In the work of Wang & Murayama 
(2020) the study of LST while monitoring land use 
distribution and land cover, not only revealed its 
efficiency in reducing the UHI, but also the green 

areas and bodies of water demonstrated their 
effectiveness in cooling the city, as is the case of 
Sapporo, Japan, within this research. In addition to 
cool materials and urban land use policies; a 
commonly used measure to improve thermal 
performance in urban spaces is the incorporation or 
increase of vegetation, particularly endemic 
vegetation, due to its low maintenance 
requirements. Earlier studies have shown that there 
is a relationship between vegetation and thermal 
performance both at the building scale and in a 
group of buildings at the urban level. Meili et al. 
(2021) demonstrated that increasing urban 
vegetation cover can reduce 3°C using the Universal 
Thermal Index in the tropical city of Singapore. 
Increased vegetation in urban areas is used to 
mitigate the heat island. However, there are other 
less explored benefits such as the possibility of 
increased rainwater retention, carbon storage, 
biodiversity enhancement, aesthetic benefits, and 
user health (Meili et al., 2020). 

With the arrival of the COVID-19 pandemic, its 
rapid expansion worldwide, drastically modified the 
activities, perceptions, occupation, and influence of 
urban spaces on users. Several investigations took 
place during this event such as the study by Kwok et 

 

al. (2021) which showed that the transmission of 
COVID-19 increased in urban areas affected by 
building geometry and green area distribution 
(Sabrin et al., 2021), (Perera et al., 2021), 
additionally, a recent study found that, during 
periods of lockdown, the levels of pollutants in the 
United Arab Emirates, decreased for the same 
pollutants during 2019 (Alqasemi et al., 2021).  

Furthermore, the research by Firozjaei et al. 
(2021) showed that the ecological status of the 
urban surface improved due to the reduction of 
anthropogenic activities in the urban environment, 
determined with its methodological proposal: 
comprehensive ecological evaluation index and the 
ecological status of the surfaces, concluding that 
the impact is noticeable especially in the green 
spaces of the cities of Milan and Wuhan.  

Therefore, in this study, a comparative thermal 
and vegetative analysis was carried out within an 
urbanized area with a hot dry climate, taking UHI 
variables such as Land Surface Temperature (LST) 
and Normalized Difference Vegetation Index (NDVI), 
during the period of lockdown due to the 
contingency and normalized typical periods. The 
objective was to know the weighting of 
anthropogenic activities in the thermal and 
vegetative profiles of a city with hot arid climate 
(Mexicali, Mexico). To answer the question: How 
did anthropogenic behaviour, during COVID-19 
lockdown, impact the thermal and vegetative 
patterns of the city? 
2. METHODS 
2.1 Study area 

Mexicali (Figure 1) is located in Baja California, 
Mexico; between latitudes 32˚ 38' North and 115˚ 
20' West, within a border region contiguous with 
the State of California in the United States, with a 
population of approximately 1.033 million, an 
urbanized area of 113.7 km2 and elevation above 
sea level of 8.23 m. The entire region belongs to the 
physiographic province of the Delta of the Colorado 
River in the Sonoran Desert. As a result, the region 
has a very arid climate, only 75 mm of annual 
precipitation, and extreme temperature conditions: 
maximum temperatures exceed 50˚ C in summer 
and minimum temperatures below 0˚ C in winter 
(Villanueva-Solis, 2017). 
Figure 1:  
Study area 

 

 
According to recent data, Mexicali requires the 

increase of green spaces because the inhabitant-
green area ratio is 2.43 m2, well below the 9 m2 
suggested by the UN, the same study states that 
60% of green areas do not significantly affect the 
UHI, providing a thermal comfort effect per 
inhabitant of 1.27 m2 (Saiz-Rodriguez et al., 2021). 
Its distribution of land use is 56% residential, 7% 
industrial, 6% commerce and services, and 8% 
urban infrastructure, additionally, urban expansion 
has caused the inclusion of eleven industrial Parks 
with 1,164 manufacturing companies (825 
hectares), which contribute to the increase in 
temperature and pollution emissions. According to 
government data, Mexicali’s emissions of carbon 
monoxide rank as the third highest in Mexico, these 
emissions are generated by its mobile sources, 
reaching 350,000 tons per inhabitant (SEMARNAT, 
2015). 
 
2.2 Data analysis 

To obtain the UHI thermal and vegetative maps, 
ArcGIS software was used, data obtained from the 
images (route 39 and row 37) of the Landsat 8 
satellite downloaded from the U.S. Geological 
Survey website, were used as input.  The selected 
dates correspond to representative days of the 
winter and summer periods. To obtain the UHI data, 
the raster calculator tool of ArcGIS was used, which 
allows the creation and execution of an algebraic 
expression of maps on the metadata and generating 
a raster as output. The bands used in the processing 
were: 

• Fourth band (red, μm= 0.64–0.67, 
resolution 30m) 

• Fifth band (near infrared NIR, μm= 0.85–
0.88, resolution 30m) 

• Tenth band (thermal infrared sensor TIR 
1, μm= 10.60–11.19, resolution 100m) 

• Eleventh band (thermal infrared sensor 
TIR 2, μm= 11.50–12.51, resolution 
100m) 

The methodology required data such as 
radiance, brightness temperature, and emissivity of 
the different land cover. These data were obtained 
from the equations used in the Land Surface 
Temperature (1) and vegetation proportion (2), 
processing, as shown below (Rahaman et al., 2020) 
(Rosado et al., 2020). 
 

LST = BT/1 + w ∗ (BT/p) ∗ ln (e)              (1) 
where LST - Land Surface Temperature (◦C); 
           BT - satellite brightness temperature (°C); 
           w - wavelength of emitted radiance (11.5µm); 
           p - 1.438x10-2 (mK); 
           e - emissivity (m2K4). 
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The NDVI is used to correlate the land cover with 
the LST variable, determined with band 4 and 5 in 
equation (2) (Kaplan, Avdan, & Avdan, 2018). 

  
NDVI = NIR − Red / NIR + Red             (2) 

where NDVI - Normalized difference vegetation 
index (values from 1 to -1); 
           NIR - Near-infrared band 5 (digital number); 
           Red – Red bands´s digital number value. 

  
Values close to 1 represent leafy vegetation, 

crops, shrubs, pastures, forests, and extensive 
green areas, while values close to -1 are bodies of 
water, desert surfaces, sandy or concrete surfaces 
(Jones & Vaughan, 2010). 
 
3. RESULTS 

Of the selected dates (Table 1), four days of the 
year 2019 are examined, classified as “typical” 
urban activity, and five days between 2020 and 
2021, which due to the COVID-19 quarantine 
presented unusual anthropogenic behavior.  
 
Table 1:  
Air temperature (Celsius) and relative humidity (%) data 

Date 
Air 

Temperature 
Max - Min 

Relative 
humidity 

Max - Min 
January 08, 2019 17 - 2 64.4 - 13.2 
January 24, 2019 18 - 4 69.8 - 12.6 

July 01, 2019 43 - 26 12.8 - 3.9 
July 17, 2019 41 - 25 62.5 - 9.6 

January 11, 2020 19 - 4 80.8 - 20.7 
January 27, 2020 24 - 10 71 - 16.4 

July 3, 2020 40 - 24 69.2 - 13.2 
July 19, 2020 45 - 24 36.5 - 4.1 

January 13, 2021 22 - 3 51.8 - 10 
 

Figure 2a and 2b show the maps obtained by 
ArcGIS of the thermal behavior of the study area 
and the NDVI on January 11, 2020, and figure 3a 
and 3b on July 3, 2020. From the eight proposed 
dates and their maps, the metadata, and the 
frequency in which they are repeated in the study 
area describes the behavior of both variables 
(Figures 4 - 7). 
 
Figure 2a:  
Thermal map of the study area on January 11th, 2020. 

 

Figure 2a:  
Thermal map of the study area on January 11th, 2020. 

 
 
Figure 3a:  
Thermal map of the study area on July 3rd, 2020. 

 
Figure 3a:  
NDVI map of the study area on July 3rd, 2020. 

 
 
Figure 4 presents the surface temperature 

values and the percentage covered by each thermal 
value in relation to the study area, in the five days 
of the winter period analyzed from 2019 to 2021. 
Figure 5 represents the same variables explained 
for Figure 4 corresponding to the summer period. 
 
Figure 4:  
Thermal behavior in the winter period. 

24.3°C 
 
 
6.95°C 

 

 
Figure 5:  
Thermal behavior in the summer period. 

 
 

Figure 6 shows the NDVI values and the land 
cover percentage, in the five days of the Winter 
period analyzed from 2019 to 2021. Figure 7 
examines the same variables, within the four 
selected days of the summer period. From the 
thermal maps (figures 2a and 3a) obtained it was 
observed that the position of the highest isotherms, 
both in winter and in summer, are in the same 
position, as well as the lowest points of NDVI 
(figures 2b and 3b), therefore, the most affected 
areas are still the industrial sector, large parking 
spaces and arid zones within the urban zone. 
 
Figure 6:  
NDVI behavior in the Winter period 

 
Figure 7: 
NDVI behavior in the summer period. 

 
 

In relation to the global temperatures shown, 
the following reflections were made: 

• In the winter season, the increase in 
surface temperature is constant in 2019 
and 2020, however, in 2021 the 
homogeneous distribution of 
temperature shown in the curve is 
noteworthy.   

• In summer, the two days of 2019 
presented an oscillation between their 
temperatures of 6°C, however, for the 
year 2020 the temperatures presented 
an increasingly similar behavior, which 
led to a decrease in oscillation.  

The NDVI graphs show: 
• In the winter season, an improvement of 

one hundredth from the year 2019 to 
2020 was perceived, and an increase of 
2.5 hundredths for the year 2021, 
observing an improvement in the NDVI 
curve pattern. 

• In summer, only July 19th, showed an 
increase of five hundredths in the NDVI 
value. 
 

4. DISCUSSION 
In this study, variables of the surface energy 

balance equation (Li & Zhou, 2019) were analyzed 
from the perspective of environmental monitoring 
with approximate values before and after the 
recent COVID-19 pandemic in a border city with a 
hot arid climate. The events that generate change in 
urban behavior drive research to determine the 
weighting of human activities or anthropogenic 
heat (QF) in the energy balance. Collective research 
in this field, further corroborates the effect of the 
COVID 19 pandemic on urban climatology, as 
commented below. 

A study in the city of Osaka, Japan, which used a 
climate and energy model, estimated that during 
the temporary closure of the G20 event, there was 
a reduction in traffic of 33%, which generated a 
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decrease in QF=15.6 Wm-2 and 0.05 °C ambient 
temperature, and estimated a decrease of QF=76.3 
Wm-2 and 0.13 °C in urban areas during the COVID-
19 lockdown (Nakajima et al., 2021) (El-Kenawy, et 
al., 2021). In the works of Firozjaei et al. (2021), 
applied to the cities of Milan and Wuhan before and 
after the lockdown, the LST and NDVI figures 
indicate a decrease for the minimum Surface 
temperature of 7.5° and 2.9°C respectively, and an 
increase of 0.015 in the NDVI. Some authors (El-
Kenawy et al., 2021) (Alqasemi et al., 2021) when 
carrying out comparative studies during the periods 
of lockdown or confinement, especially dated April 
and May 2020 compared to the same period in 
2019, it was found that in addition to the decrease 
in pollutants such as NO2, possible causes of the 
event, there was a significant decrease in the 
surface heat island (SUHI) during the day and at 
night, as was the case of the United Arab Emirates, 
registering a decrease of the nocturnal SUHI of 
19.20% in its mean values. However, as in our work, 
these decreases are not spatially uniform, as in the 
case of Tehran (Roshan, Sarli, & Grab, 2021) due to 
the complexity of land uses, between residential, 
commercial, and industrial. In addition, in the work 
of Ali et al. (2021) it is stated that the drop in SUHI 
temperatures and the pollutants detected in the 
cities of Pakistan is a result of severe transport 
restrictions.   

In comparison to the three previous studies, and 
despite differences in climate, area, population and 
density, our research can also observe the modified 
pattern due to the changes in anthropogenic 
behaviour, where the LST always decreases and the 
NDVI increases, our results indicate that the 
increase in NDVI in both periods homogenized and 
reduced the temperatures of the city of Mexicali in 
ranges of 0.5 to 2°C in some areas, especially in the 
case of January 13th, 2021, when the quarantine 
substantially reduced the anthropogenic activities 
for more than six months, particularly urban 
mobility, showing a shift in the thermal curve of 
3°C. 

 
5. CONCLUSIONS 

This study analysed the configuration of UHI and 
NDVI in an arid city from the information and 
images of the LandSat8 satellite and its processing 
with ArcGIS software, comparing Temperature and 
NDVI values based on different anthropogenic 
behaviours, according to the analysed period (2019, 
2020 and 2021). The results showed that bare soils, 
industrial areas, and parking areas require the 
implementation of mitigation techniques, since 
they are the surfaces with higher isotherms, 
compared to urbanized areas. 

Returning to the question: how did the 
anthropogenic behaviour, influenced by COVID-19 
during the lockdown, modify the thermal and 
vegetative values of the city? we can confirm its 
importance because, consistently with previous 
investigations, LST values in this study have 
decreased in a range between 0.05 to 7.5°C.  

For the mitigation of the UHI, the 
implementation of cooling materials, an increase in 
green areas and bodies of water in the urban 
environment have been recommended, however, 
the water resource in this area is limited. Therefore, 
initiatives focused on the use of high-reflective 
materials in building envelopes, especially on roofs, 
and the implementation of facade design policies 
that increase shading and convection to move 
airflows of heat are suggested in urbanized areas. 
The results give urban planners and authorities the 
opportunity to consider the impact of human 
activities on the urban climate and generate 
possible changes and recommendations in mobility 
logistics and land use in favor of user comfort and 
the environment. 
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ABSTRACT: More than half of the world's population lives in urban centres and with each passing year this 
number increases. The indexes of psychological diseases are higher in cities than in rural areas. Thus, 
neururbanism seeks to understand, from the concepts of neuroscience, which are the brain processes and 
reactions of the nervous system that occur in the experience of a big city.  The object of study is the city of 
Peruíbe, Brazil. The aim is to analyse how a small city impacts the quality of life of its inhabitants. The method is 
a case study that carried out field research through interviews with inhabitants and tourists to find out how they 
feel in relation to the city. The result was that the indexes of employment, health and public transportation are 
the same requirements that generate stress in the population of a big city. It is concluded that for a city to be 
healthy, it needs to provide quality of life, so the study of neuro-urbanism is essential for urban planning.  
KEY WORDS: Neurourbanism, Urban Health, Small Towns, Peruíbe 
 

1. INTRODUCTION 
The number of people living in large cities 

increases every year. Currently about 55% of the 
world population resides in urban centres. It is 
estimated that by 2050 this percentage will reach 
70% [4]. However, living conditions in cities can 
generate problems in the physical and especially 
mental health of its residents.  

Many people move to the cities in search of 
better working conditions, education, culture, 
development of spirit and creativity, but they 
become victims of the ills of this environment. 
Precisely because of their attractiveness and 
dominance, urban centres have created unhealthy 
circumstances for human life. Among these 
circumstances we can cite the high population 
density causing a housing deficit, which generates 
tenements, slums and street dwellers; violence, 
people who had no opportunity to study, have no 
qualification for the labour market resulting in 
socioeconomic exclusion, unemployment or 
informal work of low quality; urban pollution is 
concentrated in the air that leads to the formation 
of acid rain, greenhouse effect, thermal inversion, 
heat island, noise and visual pollution. Traffic 
pollution due to traffic congestion, predominance 
of private cars, accumulation of rubbish and lack of 
recycling, contamination of water due to lack of 
sewage and treatment of collected sewage and lack 
of green areas such as squares, woods, and parks. 
All this scenario in urban centres generates stress, 
nervousness, irritability, and intolerance in man, 
because he spends more energy to deal with the 
adversities that are happening around him.     

Recent research affirms that in cities the levels 
of stress are higher. There are two types of stress: 
acute, a physiological system essential for survival; 
and chronic, which happens when the individual is 
exposed to small doses of stress over a prolonged 
period. Different from acute stress, chronic stress is 
harmful to health. Therefore, inhabitants of big 
urban centres are more vulnerable to develop 
psychological diseases such as anxiety, depression, 
panic syndrome, etc. In view of this, identifying 
mistakes in urban planning and avoiding them 
becomes a key issue. Understanding the impact of 
spaces on the human mind helps in the 
development of projects that improve people's 
performance and provide quality of life.  

There are several reasons why cities have high 
levels of stress, including the feeling of not 
identifying with the city. This factor is responsible 
for making cities unfamiliar and threatening 
environments for their inhabitants, as it keeps 
people away from public spaces and turns them 
into mere transitional spaces. The absence of 
connecting spaces in cities leads to a feeling of 
loneliness even in crowded places. To solve the 
problem, it is first necessary to understand how city 
morphology contributes to the increase of stress 
levels, to inform about the health risks of large 
urban centres and to redesign urban environments 
to create more humanized spaces [5]. 

To discover how physical spaces, affect the 
human brain, researchers have begun to apply 
neuroscience knowledge to architecture and urban 
planning. Neuroscience can be very useful in the 
development of architectural projects, as it is 
through neuroscience that one can evaluate human 

 

sensations, emotions, and behaviours in built 
environments by collecting physiological data. The 
aspect related to the spatial behaviour of man to 
the urban environment, one should consider as 
personal space, territoriality, areas of overcrowding 
and the issue of privacy of the individual, are 
important issues to be analysed in neuroscience 
applied to urbanism [6].  The integration of 
psychology, neuroscience and architecture 
originates a new field of study called 
Neuroarchitecture, which investigates the 
emotional and cognitive repercussions of visual 
forms associated with architecture.  

It is necessary to assess the impacts that are 
caused by different living conditions in urban 
centres. Urban managers and architects can acquire 
several benefits from neuroscience. Neurourbanism 
consists of the interaction between urban planners, 
architects, neuroscientists, psychiatrists, and social 
scientists that aims to investigate the psychological 
and neurobiological consequences of different ways 
of living in cities [8]. 

The few research on the subject seek to 
understand how the urban morphology in large 
cities relates to people's health and well-being. It is 
known that large metropolises have become 
environments conducive to the development of 
physical diseases and psychological illnesses such as 
anxiety, depression, and schizophrenia; in addition 
to facilitating the manifestation of violence, 
pollution, and thermal discomfort. However, it 
remains to be identified how the urbanization 
process affects the quality of life of residents of 
medium and small cities and how the urban spaces 
of these cities relate to their users. The 
investigation about the psychological and hygienic 
impacts of urban morphologies is an extremely 
important public health issue for the planning of big 
and small cities. Thus, the work proposes to study 
the concepts of urban planning and to analyse its 
aspects in a small city. The results of the research 
will be of great value for urban architects and urban 
managers engaged in designing healthier and more 
pleasant cities. Since there are few studies on the 
subject, such results will collaborate in the 
advancement of research on urban planning and 
will help in new urban planning projects. 
 
2. THEORETICAL REFERENCE 
 
2.1 Stress in cities 

Cities have numerous advantages, such as access 
to education, culture, and possibilities for individual 
development. However, human brains are not well 
programmed to live in the world's overcrowded 
metropolises. Urban living is related to increased 
levels of stress and psychiatric illnesses: the risk of 

developing schizophrenia is twice as high in cities 
than in rural areas (fig. 1); the same happens with 
depression, with 40% more chances of developing 
it; and anxiety, with 20% [8]. These trends are 
influenced by the amount of time a person has lived 
in a big city, i.e., individuals who have grown up in 
an urban environment have less emotional control. 
However, this does not mean that cities cause 
psychological illnesses, but it does express that the 
way in which cities interact with people's minds 
leads to a greater propensity for these disorders [8]. 

 
Figure 1:  
Relative risk of developing schizophrenia as a function of 
size and complexity in Danish cities. 

 
Note: Translation from left to right: relative risk of 
schizophrenia; rural; villages; small size; capital. 
 

Paulo Saldiva, professor at the Medical School of 
USP, explains that the tendency to develop mental 
disorders is modulated by the early stages of human 
development and has a genetic basis. Factors such 
as the quality of the family environment and the 
amount of time spent with parents during early 
childhood can reduce or increase the risk of mental 
disorders in later stages of life. However, it is 
noticeable that mental disorders are more frequent 
in the urban environment and that cities have 
characteristics that favour their emergence [7]. 
Social and environmental aspects can hinder or 
facilitate the emergence of mental disorders. The 
human mind is protected when, in urban regions, it 
becomes possible the formation of a network of 
affection, solidarity and support [7]. On the 
contrary, social isolation, common in cities, 
becomes a factor that contributes to mental 
suffering and the increased risk of developing 
anxiety and depression [7]. 

Another factor that interferes with the 
possibility of developing psychological disorders is 
the quantity and quality of sleep. Hormones, such 
as melatonin, are produced during sleep and 
protect our cognitive and behavioural functions [7]. 
Cities have some characteristics which are harmful 
to sleep, for example: overwork and inefficient 
urban mobility which reduce sleep time, urban 
noise, and the luminosity of the environments. The 
excess of light in the urban environment 
deregulates the human biological clock and thus 
affects mental health [7].  
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The conditions of urban life led to the 
development of chronic stress and the changes in 
brain neurochemistry caused by it are risk factors 
for the development of mental disorders [7]. 
Urbanization is correlated with individual stress 
through the fusion between urban density and 
social isolation, a mixture that generates social 
stress. This stress is responsible for causing 
behavioural changes, irritability, mental illness, and 
higher mortality in several species [7].    

Many people feel lonely in cities due to the 
feeling of not belonging to the group or place they 
are in. In the human brain, when an individual is in 
an environment with people they can identify with, 
oxytocin levels increase and generate a sense of 
belonging. In an opposite way, the urban distress 
generated by the feeling of not belonging to public 
spaces and by the impression of being in a crowd of 
strangers is related to the low activity of the limbic 
system and the low production of oxytocin [9].  

Urban loneliness results from the repetition of 
four components: human crowding, low social 
interaction, isolation, and stress. It is possible to use 
a very important concept from neuroscience called 
brain plasticity to understand the impacts of urban 
loneliness. Brain plasticity is the ability of the brain 
to change physically every time a recurring process 
occurs, such as learning something. Therefore, 
recurrent urban loneliness and social stress cause 
significant effects on the human brain [9]. 

   
2.2 Object of study 

As object of analysis, the city of Peruíbe was 
chosen, with approximately 69 thousand 
inhabitants, located in the metropolitan region of 
Santos, coast of São Paulo/Brazil. The city was 
chosen due to its size, touristic importance, 
existence of environmental heritage and historical 
relevance. Another important point for choosing 
this city was the opportunity to study the same 
urban environment with the behavioural perception 
of two distinct groups of individuals: residents and 
tourists.  

The work seeks to investigate the profile of the 
city according to the principles of neururbanism and 
to understand how the morphology of a small town 
affects the perception of well-being of its residents 
and visitors. Therefore, field research was necessary 
to find out how the inhabitants and tourists of 
Peruíbe behave in relation to the city. 

 
3. METHODOLOGY 

A case study was carried out with the purpose of 
analysing the psychological and behavioural effects 
caused by the urban environment of a small city, 
based on the parameters of neuroscience and the 
conceptions of the main researchers in the area. 

The intention is to study the neuro-urbanistic 
aspects of a city to improve the quality of life of its 
inhabitants. 

The research approach used is qualitative, with 
quantitative data collection techniques. To this end, 
the research is based on studies of authors such as 
Andrea Paiva, Madza Adly, Paulo Saldiva among 
other researchers who prepare relevant papers on 
the subject. In addition to the analysis of graphs and 
tables.  

Then, a questionnaire was applied with residents 
and tourists in which the result was based on 12 
multiple choice questions with the purpose of 
analysing the satisfaction of residents with certain 
sectors of the city. The sectors were chosen 
considering the factors related to the increase or 
reduction of stress in the city: violence, lighting, lack 
of contact with nature, absence of connection 
spaces and urban mobility. The questions are 
related to the culture of living of free spaces in 
Brazilian cities, according to the population's needs 
and concerns (Table 1). 

 
Table 1:  
Questions in the questionnaire.  
 

What grade would you give to the sectors below in 
the municipality of Peruíbe considering that 1 is not at all 
satisfactory and 5 is totally satisfactory? 

Question A Afforestation 
Question B Pavements 
Question C Street lighting 
Question D Public transport 
Question E Cycle paths 
Question F Urban cleaning 
Question G Leisure activities 
Question H Quality of public spaces 
Question I Public health 
Question J Public safety 
Question K Urban mobility 
Question L Job opportunities 

Note: The question in the first row was used to assess 
each area of interest identified in questions A to L. Table 
prepared by the author. 

 
The number of responses was defined using the 

sample calculation formula. Through 5% of the 
margin of error and 90% confidence of the total of 
332 responses. The application of the research took 
place through the online research tool google 
forms, to reach the largest number of respondents 
in a short period. The questionnaire was answered 
by residents and tourists of Peruíbe present in 
virtual groups of the municipality. The online survey 
remained available until it reached the expected 
number of responses. With the data collection 
carried out through google form, the data analysis 
was done through the Microsoft Office Excel 

 

Software Version 2206. The evaluation of data 
resulting from the research is made by means of the 
Likert scale, which has a range of 1 to 5 (Table 2). 
The Likert scale was used to measure the intensity 
of satisfaction that corresponds to the behaviour of 
respondents in relation to a particular sentence. 
 
Table 2:  
Likert Scale. 
 
Very Poor Poor Reasonable  Good  Excellent 

1 2 3 4 5 
Note: Table prepared by the author. 
 
4. RESULTS 
The case study was conducted through the 
application of 332 evaluative questionnaires about 
the city of Peruíbe, Brazil. From these results, it is 
possible to ponder on the quality of certain sectors 
of the municipality (Sectors A to L of Table 1), 
through the identification of the main problems 
from the perception of the community. The 
characterization of the interviewees (figure 2) is 
composed of 73% women and 27% men of various 
ages, 77% residents and 23% tourists. It is observed 
that the adult women who live in the city were the 
most concerned in answering the questionnaire. 
 
Figure 2:  
Characterisation of the interviewees. 

 
Note: Graph prepared by the author herself. 
 
Figure 3:  
Overall result. 

 
Note: In the general result, the final average was below 
the averages of the questions evaluated from A to L. 
Graph prepared by the author herself. 
 

With the application of the survey, the general 
average and the average per domain were 
obtained. The questions that had the highest 
averages were about afforestation (A), 3.09; urban 
cleaning (F), 2.82; and street lighting (C), 2.72. The 
behaviour of tranquillity and relaxation of residents 

and tourists can be attributed to the contact with 
nature that the city provides through the wooded 
places, since nature reduces stress levels and 
provides protection against sun exposure. Already 
the urban cleaning when well executed produces 
positive sensations such as calm, happiness and 
well-being to experience the environment, as well 
as generates the behaviour of care and belonging. 
In contrast, the lack of urban cleaning is linked to 
the behaviour of repulsion to the place where it is, 
consequently the place is empty. Moreover, at 
night-time, the behaviour of safety or insecurity is 
related to the quality of public lighting. Although 
these topics had the highest scores and represented 
the most positive perceptions of the respondents 
regarding the city, none of them achieved a good 
score (4 or 5 according to the Likert scale). The 
behaviour of man in the built environment is 
related to feelings of satisfaction or dissatisfaction, 
so we have a result for the areas studied, which 
indicates the need for improvements to meet the 
maximum users of these places.   

The lowest averages were about job 
opportunities (L), 1.74; public health (I), 1.75; and 
public transportation (D), 2.12 (fig. 3). 
Unemployment in the city is responsible for an 
increase in crime rates; an increase in poverty and, 
mainly, the development of psychological illnesses, 
related to the individual's behaviour of frustration 
and sadness due to the lack of an occupation or 
income. Furthermore, the precarious service 
provided by the city's public health system 
contributes to the behaviour of insecurity and 
indignation that motivates the feeling of not 
belonging. Not only that, but the inefficient public 
transportation causes the disappointment of not 
being able to access the city's spaces easily. All 
these problems are harmful to the city because they 
cause an exodus of people who move in search of 
opportunities and better living conditions, as well as 
preventing the city from developing its tourism 
potential.  

To reaffirm this user's behaviour, the Likert 
scale was used to corroborate the behaviour of the 
residents and tourists in these places surveyed.  
Considering the Likert scale (variation from 1 to 5), 
the overall average reached was 2.45, which 
indicates the dissatisfaction of respondents in 
relation to the urban environment in which they 
live.  

The highest variations of answers are related to 
afforestation (A), leisure activities (G) and urban 
cleaning (F), 1.23, 1.20 and 1.18 respectively. The 
questions that had the least variations were about 
employment opportunities (L), public health (I) and 
public transport (D), 0.94, 1.01 and 1.01 
respectively (fig. 3). 
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5. DISCUSSION 

Violence is a factor that alters urban life and 
causes disorders in the health of the population, 
this can be considered one of the reasons for 
chronic stress in the city of Peruíbe, which occurs 
mainly in downtown and peripheral areas with low 
employment opportunities. As previously 
mentioned, chronic stress is harmful to health, since 
it aggravates, besides psychological diseases, 
physiological diseases such as diabetes and blood 
pressure. The low-income population of the 
municipality, have difficulty in accessing public 
health care for the treatment of psychological 
illnesses [7]. In Peruíbe, the average score for public 
safety was 2.24, a bad score. Since, according to the 
Likert scale, 5 would be a very good index and 3 a 
reasonable index.  While public lighting, an essential 
point in the feeling of safety, reached the average 
of 2.72, this confirms the feeling of fear and 
insecurity that promotes violence.  

Another stressor is inefficient mobility. 
Depending on the degree of its inefficiency, urban 
mobility may drastically impair the inhabitants' 
standard of living because: it wastes time and 
contributes to the growth of obesity [7]. In 
small/medium size cities, despite the rare 
occurrence of major traffic jams, there may be 
other problems in urban mobility such as: lack of 
infrastructure for non-motorized displacement, 
difficulty in finding parking spaces, inadequate 
public transportation, lack of accessibility, etc. Four 
questions in the case study were devoted to this 
subject: questions B, D, E, K. Sidewalks (question B) 
reached an average of 2.51, i.e., considered 
inadequate for pedestrians (Fig. 4).  
 
 Figure 4:  
Inadequate pavements on Avenida Padre Leonardo 
Nunes, Peruíbe. 

 
Note: Photo taken from Google Street View. 
 

The question on public transportation obtained 
an average of 2.12 due to quality, low frequency in 
the outskirts and insufficient quantity to meet the 
population's needs. The bicycle paths (question E), 
with an average of 2.48, are existing but 
fragmented and without connection between them. 
On the topic of urban mobility (question K), average 
2.53, it is important to consider the relationship 

between residents and tourists. For the resident the 
meaning of place is the São João Batista Church 
Square and for the tourist it is the Ambrósio Baldim 
Square. In the high summer season, the resident 
has mobility difficulties due to the high 
concentration of tourists who fill the square 
Ambrósio Baldim, the square of St. John the Baptist 
Church and the shopping centre, which hinders the 
flow of daily life. The absence of traffic lights, 
elevated zebra crossing, pedestrian zebra crossing, 
and accessibility areas contributes to the 
unsatisfactory outcome for the population and 
tourists. 

Contact with nature is very important for 
human health. The natural environment provides 
food, water, energy, environmental comfort, and 
psychological well-being. Recent research has 
recorded the relevance of nature in human mental 
functioning, the results show a decrease in stress 
and an increase in good mood after a prolonged 
experience with nature [1]. In contrast, urbanization 
can overload the neurons responsible for dealing 
with stress. However, in comparison to previous 
generations, lately, people experience less and less 
daily contact with nature [1]. An example of this is 
the São João Batista Church square that after 
renovations, lost part of its vegetation (fig. 5).  In 
Peruíbe, the question that acquired the highest 
average was about urban forestation: 3.09, 
reasonable, according to the Likert scale. This result 
reveals that most interviewees consider the amount 
of vegetation in the city acceptable but feel the 
need for more natural elements in the construction 
of the urban landscape. This concern with the city 
landscape is reinforced by the average obtained in 
the question about urban cleaning: 2.82, deemed 
unsatisfactory despite being the second highest 
average in the questionnaire. 
Figure 5:  
São João Batista Church Square before and after the 
reform. 

 
Note: Photo on the left taken by a resident and the one on 
the right taken from the town's newspaper: Bemtevi. 
 

The existence of spaces for action is crucial to 
mitigate stress, reduce social isolation and generate 
a sense of belonging. In Peruíbe, given that the 
topics about the quality of public spaces and leisure 
activities reached an average of 2.69 and 2.70 
respectively, one notices a lack of identification of 

 

the population with the city's spaces. Furthermore, 
essential points such as public health and 
employment opportunities had the lowest 
averages: 1.74 and 1.75 respectively, considered 
very bad according to the Likert scale. The feeling of 
insecurity generated by the absence of means of 
support and the vulnerability of health institutions 
cause stress to the inhabitants. 

To solve these problems, we suggest 
implementing some methods, such as: 

1. Afforestation: increase the presence of 
natural elements in public environments. 
Recover and preserve the city's natural 
resources. 

2. Urban mobility: Requalification of 
pavements to promote accessibility. 
Connecting the cities' bicycle paths. 
Qualification of the infrastructure for bus 
transport.  

3. Public lighting: to have more lighting 
points, especially in the streets near the 
centre which are used as car parks.  

4. Urban cleaning: selective rubbish 
collection, informing and educating the 
population on the correct disposal of 
waste.  

5. Leisure activities: valorisation of local 
culture and history. Implementation of 
cultural events. Invest in tourist 
attractions not related to the beach and 
that can be carried out in all seasons of 
the year.  

6. Quality of public spaces: revitalize or 
build humanized and appropriate spaces 
for social contact and thereby reduce 
vulnerability to stress [5; 7 - 9].   

7. Public health: Inform the population on 
how to maintain good physical and 
mental health [7 -8]. Completion of the 
work of the city hospital started in 2017 
and stopped since 2018. Improve the 
infrastructure of the health units. 
Minimize social isolation, especially for 
people at risk [8].  

8. Employment opportunities: 
strengthening the local economy.  

All indications are possible to be implemented 
in a small city like Peruíbe, however, it is necessary 
to study together with the public power to develop 
guidelines, instruments that provide small, medium- 
and long-term actions, to organize and implement 
projects that benefit the vulnerable population. 

 
6. CONCLUSION   

For a city to be healthy, it needs to provide 
quality of life. The discussion on how and why cities 
make their inhabitants ill is an essential agenda [7].  

The well-being of the population needs to be the 
fundamental principle of urban planning, to prevent 
that only influential citizens or companies make the 
important decisions and to ensure the equal 
distribution of urban benefits [7]. 

The way cities interact with the human brain 
today is alarming, as they induce physical and 
psychological diseases.  Thus, interaction between 
urban planners, architects, neuroscientists, 
psychiatrists, and social scientists is necessary to 
discuss the best forms of urban planning. The 
application of neuroscience concepts in public 
spaces becomes a primary tool. Consequently, the 
study of neurourbanism becomes invaluable. 
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ABSTRACT: Dengue, Zyka and Chikungunya are dangerous arboviruses transmitted by the Aedes aegypti 
mosquito. In 2019, 1.4 million people were infected, causing 414 deaths. Studies show that the proliferation of 
the mosquito is correlated to the accumulation of waste and other water-retaining elements in private 
backyards. Most cases occur in social housing developments, especially in the ‘Minha Casa Minha Vida’ 
Programme (PMCMV) for 4.4. Million homes. In Uberlândia, these cases represent 78% of the 38,000 people 
infected in 2019. The MORA group, from the Federal University of Uberlândia and the group People, 
environments and performance, from the University of Sheffield faced this situation with the project, 
affectionately nicknamed as "My House Without Dengue Fever", financed by the Global Challenges Research 
Fund between 2020 and 2021. Given the UN Sustainable Development Goals 3, 11 and 15, this project has 
developed an effective approach to co-produce strategies to eliminate the dengue mosquito from communities 
in a lasting way. This work discusses the importance of community engagement in containing the contamination 
by the dengue virus, describing the methodological toolkit developed to understand risk situations and 
behaviours. Are also described the artifacts developed in order to guide the resilient community fight against the 
disease – namely, a web app and a digital guidebook. 
KEYWORDS: Coproduction, Social housing, Post occupancy evaluation, resilience, Arbovirus epidemics. 
 

      
1. INTRODUCTION 

The repetition of poor planning and construction 
models in the national ‘Minha Casa Minha Vida’ 
Programme (PMCMV) for 4.4 million homes – 
Brazilian Social Housing Federal Programme - 
continues to have a negative impact [1, 2]. 
Developing resilient housing communities that can 
respond to climate change requires a rapid action 
to address increasing short-term environmental and 
health shocks and long-term environmental change 
in such housing. This article investigates the 
resilience of the PMCMV housing model in reality 
through a case study of a typical PMCMV social 
housing neighbourhood in the city of Uberlândia, 
Brazil, in this significant national housing 
programme.  

Previous Post-occupancy evaluation (POE) 
studies of PMCMV in the area encompassing 4,000 
semi-detached houses identified three significant 
issues impacting residents’ health and well-being: (i) 
poor acoustics; (ii) poor thermal comfort and (iii) 
backyard breeding grounds for Dengue, Zika and 
Chikungunya diseases significantly affecting social 
housing communities. In 2019, the disease affected 
1.4 million people in Brazil and killed 419 [3]. 
Considering that the intensity of the disease 

symptoms debilitates the patient for up to 7 days, 
an estimated total of 9.8 million work days were 
lost in 2016 [4, 5]. In the city of Uberlândia mapping 
of Dengue shows that viruses mainly affect the 
social housing communities which are located in 
peripheral areas [5].  
Despite local authority efforts to control the spread 
of the epidemic, solutions remain challenging 
because: the vaccine isn’t safe and efficient enough 
to be used; the Aedes Aegypit mosquito proliferates 
in urban areas; accumulated waste and sealed soil 
areas are the favourite places for mosquitoes to lay 
eggs; private backyards with these conditions are 
difficult to access by the health agents; the major of 
mosquito breeding grounds are in the backyards; 
and low-income people are less aware of the 
measures needed to keep houses free of 
mosquitoes. Previous research in social housing 
communities [6,7,20] indicated that some practices 
could contribute to the establishment of grounding 
breeds in the houses. This paper considers the 
following research questions arising from the 
consideration of housing resilience to these key 
diseases and their sources: Are there shared 
practices in terms of how PMCMV backyards are 
used? What practices can reduce mosquito 

 

breeding grounds? Are residents able to positively 
change their practices?  

To answer these questions, this study aims to 
assess the Shopping Park Neighbourhood, a typical 
PMCMV enterprise and to develop a retrofit toolkit 
to help to reduce arboviruses infections. POE and 
co-production methods and techniques are used, 
aiming to involve the community and develop a 
long-lasting toolkit, which can engage the entire 
neighbourhood through promotion by the residents 
themselves. 

Based on this single case study, the findings of 
this study show that the developed retrofit toolkit is 
successful in reducing the number of possible 
breeding grounds, changing residents ‘practices, 
being long-lasting and engaging the community in 
the face of mosquitoes. 

 
2. DENGUE IN SOCIAL HOUSING: ENVIRONMENTAL 
CONDITIONS AND VULNERABILITY 

Dengue Fever is currently the most important 
among the arboviruses that affect man and is a 
serious public health problem in the world. Its 
proliferation is related to the presence of objects 
that accumulate water in backyards long enough to 
attract the female Aedes aegypti mosquito [8, 9]. 

According to the rapid survey of infestation by 
Aedes aegypti carried out in the city of Uberlândia 
in 2019, 84% of positive breeding sites for Aedes 
aegypti are inside homes, with 17% inside homes 
and 83% in backyards [10, 20]. Private backyards 
with these conditions are difficult to access by the 
health agents. 

Dengue needs to be combated by stopping the 
mosquito life cycle, preventing it from being born in 
the vicinity and inside homes. For this, the good 
management of backyards must be constant. This 
research assumes that lasting solutions demand 
continuous intervention, especially with most 
vulnerable audiences, as those living in SH [8, 9]. 

 
3. CO-PRODUCING RESILIENCE: METHODOLOGICAL 
APPROACH TO CHANGING PRACTISES 

People naturally reproduce practises that 
directly affect the organization and characteristics 
of the environment in which they live most of their 
lives (indoors). These practises may often lead to 
environmental conditions potentially favourable to 
dengue proliferation.  

To help eliminate dengue-favourable 
environments, a solid methodology is developed as 
a solution space capable of helping the community 
to avoid the dissemination of dengue.  

This consists of a 3 stages´ toolkit that enable 
the understanding of the socioeconomic and 
environmental context, the recognition of home 
management practices, residents´ profiles, in 

addition to providing opportunities for reflection 
and intervention on the built environment.  

The work stages are outlined seeking to: raise 
evidence on the relationship between mosquito 
proliferation and socioeconomic, environmental, 
behavioural and morphological conditions of the 
set, and engage residents in the co-production of 
strategies. 

The methodology comprises 3 main stages as 
follows: 

 
1) Pre-study assessment 
These studies seek to understand a) Residents' 

demographic profile; b) Mapping of the conditions 
of the built environment favourable to the 
proliferation of the Aedes Aegypit mosquito; c) 
Occurrence of dengue in the neighbourhood; d) 
amount of mosquito eggs present in houses; e) 
Number of possible mosquito breeding sites in 
backyards; f) Identification of practices favourable 
to the proliferation of mosquitoes. The objective of 
this pre-study phase is to establish a general 
understanding of the factors that leads to the 
proliferation of dengue in the neighbourhood; to 
know the practices and profiles of the residents to 
better select the methods for the elaboration of the 
toolkit; in addition to establishing an initial 
framework for comparison after studies and 
actions. This stage combines post-occupancy 
assessment methods (walkthrough and 
questionnaires), spatial mapping (drone flight and 
morphological mapping), and monitoring of the 
presence of mosquitoes (installation of eggtraps). 
For this phase, based on the morphological 
mapping that identifies areas most conducive to the 
proliferation of mosquitoes, it is decided to sample 
32 questionnaires evenly distributed throughout 
the neighbourhood, of which 11 residents are 
selected for further studies with walkthrough and 
installation of eggtraps1 that are monitored for 6 
weeks each time. 

2) Toolkit development 
This stage involves working with the community 

to develop a toolkit, capable of helping residents to 
identify and eliminate possible mosquito outbreaks 
from their homes. To this end, 7 residences are 
selected among the 11 participants of the previous 
study from the identification of their greater 

 
1 An Eggtrap is a very simple device consisting of a small plastic 
vase and a wooden strip. The vase is filled with water to 3/4 and 
the wooden strip is inserted into the vase leaving 1/4 of its 
length out of the water. The device is then placed in a quiet place 
in the house. Mosquitoes will lay their eggs on the dry part of the 
strip expecting them to fall into the water after a week. Before 
that, however, the researchers collect the wooden strip and with 
the aid of a microscope they count the number of eggs 
deposited. This is a very efficient method to check for mosquito 
infestation in certain places. 
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engagement. Starting from the pre-study results, 
co-production workshop sessions are held (4 face to 
face and 2 online, across 5 months) [11, 12]. A 
toolkit is developed to help the community 
recognize and remove breeding grounds, as the 
most effective way to stop the Dengue disease 
spreading. These activities are based on the Practice 
Theory methodology [13] covering the 
socioeconomic and environmental context, home 
management practices and residents´ practises [13, 
14, 15].  They contained different co-production 
exercises to address the following objectives: a) 
Knowing and understanding the relationship 
between practices and the occurrence of dengue; b) 
deepening knowledge and ways to avoid it; c) 
Change in practices and automation of the response 
to the problem; d) engagement and assimilation of 
the toolkit in the community. The assimilation 
indicators are measured at the last workshop, when 
participants are asked to find potential mosquito 
breeding grounds in neighbours' houses, that is, in 
uncharted territory.  

 
3) Post-study assessment 
This stage comprised the assessment of project 

impacts in terms of the effectiveness of changes in 
practices and persistence over time of these 
changes. Thus, 6 months after the last workshop, 
eggtraps were installed to measure the presence of 
mosquitoes in 11 houses, of which 7 participated in 
the two previous stages and another 4 that 
participated only in the first stage. Through a 
walkthrough, the possible breeding grounds of 
mosquitoes in the backyards were quantified. This 
evaluation allowed us to compare results before 
and after the toolkit, as well as between 
participants and non-participants, enabling us to 
obtain performance indicators. 

 
Table 1:  
Stages, methods and actions. 
Stage Methods Actions 
Pre-study 
assessment 
 

Post- 
Ocupancy 
Evaluation 
Geoferrence. 
Mosquito 
infestation test 

Questionnaire. 
Walkthrough. 
Spatialization 
from drone 
images using 
diverse 
softwares. 
Eggtraps 
monitoring. 

Toolkit 
development 
 

Theory of 
Change. 
Practise 
theory. 
Co-production 
exercises 

Workshop 1 - 
Assessing 
previous 
knowledge of 
residents 
regarding 
dengue fever. 
Workshop 2 - 
Raising 

awareness 
about the 
mosquito, how it 
is behaving and 
the risks it 
offers. 
Workshop 3 - 
Identifying the 
critical points of 
the backyard. 
Workshop 4 - 
Empowering 
resident-yard 
relationship. 
Impact 
questionnaire. 

Post-study 
assessment 
 

Mosquito 
infestation test 
Post-
Occupancy 
Evaluation 

Eggtraps 
monitoring 
Walkthrough – 
number of 
breeding 
grounds 

Note: (2020), Authors 
 
4. RESULTS AND DISCUSSION 
4.1 Pre-study stage 

The pre-study stage indicated a high incidence 
of dengue in the neighbourhood in 2019. Shopping 
Park recorded 1225 cases of dengue, approximately 
one case every 3 homes (Fig. 1) [3].  Geographical 
distribution of cases was homogeneous, indicating 
that the presence of mosquitoes was not prevalent 
in a specific location. The morphological mapping 
(Fig. 1) showed a high incidence of paved areas and 
soil waterproofing interventions (91%), which 
favour the accumulation of water and possible 
breeding sites (Fig.2). The accumulation of material 
for recycling or future use by residents in the 
backyards in all 10 sampled houses was also 
recorded through the walkthrough. These materials 
become possible mosquito breeding grounds. The 
questionnaire results showed that the residents did 
not see materials as garbage, but as resources. 
Although they had no intention or planning for the 
use of certain materials, they stored them for some 
possible use in an indefinite period. Residents also 
showed reasonable awareness of dengue 
prevention measures (60% knew how Dengue was 
transmitted). However, about 80% said they did not 
take any action, a fact also observed by the 
researchers during the walkthroughs. The 
installation of eggtraps indicated that there were 
eggs in all participating houses, with small 
variations between them (27 eggs in average). The 
scenario, therefore, was largely favourable to an 
uncontrolled proliferation of mosquitoes and an 
increase in the incidence of the disease. 
 
Figure 1:  
Dengue fever incidence in the Shopping Park 
Neighbourhood 

 

 
Note: Uberlandia’s Zoonosis Control Centre (2019) – 
Adapted by the authors. 
 
Figure 2:  
Morphological Map 

 
Note: Google Earth Pro (2020), Maxar Technologies 
(2020), Authors. 
 
Figure 3:  
Typical backyards – All sort of material stored 

 
Note: (2020), Authors 
 
4.2 Toolkit development 

The workshops developed interest and 
engagement by residents. The degree of knowledge 
about dengue increased considerably and there 
were indications of its persistence over time, as 
demonstrated in impact questionnaires applied in 
each workshop. There were expected variations 
depending on the higher or lower level of schooling 
of each family. An average accuracy level of 80% 
was observed in the questions related to dengue 
applied to residents in the first two workshops. 
Among participants there was already some prior 
knowledge from previous government campaigns, 
but in all cases positive change in practices were 

observed, which were verified in the post-study 
stage. The following questions were progressively 
addressed in 4 workshops as follows: a) what do 
you have in your backyard? b) What would you like 
to have in your backyard? c) Where is the mosquito 
in your backyard? d) On-site backyard inventory; e) 
Mosquito hunt in participants and neighbour’s 
hoses. The assimilation indicators were measured at 
the last workshop, when participants were asked to 
find potential mosquito breeding grounds in 
neighbours' houses, thus, in uncharted territory. In 
this dynamic, everyone got a 100% hit level. In the 
qualitative analysis the researchers noticed the 
increase of interest and absorption of information 
along the workshops. All these positive results are 
strong indicators that the toolkit is effective in 
promoting persistent practices change. 
 
Figure 4:  
Interacting with the residents 

 
Note: (2020), Authors 
 
4.3 Post-Study assessment 

The post-study assessment was carried out 1 
year after the conclusion of the workshops, during 
which time the residents had no contact with the 
researchers. After this time lapse, it was possible to 
assess the effectiveness of the toolkit on a daily 
basis and the level of assimilation of the residents. 
The results of this stage demonstrated the success 
of the methodology used. The comparisons made it 
possible to doubly monitor the situation in the 
participating houses in relation to the pre-study 
indicators, as well as in relation to their neighbours 
who had not completed stage 2. The results were 
encouraging and show that among the participants 
there was a significant 90% reduction in possible 
mosquitoes breeding grounds in backyards while 
the egg number reduced by 38%. In relation to 
those who participated only in the first stage (Pre-
study stage) the number eggs grew by 112% while 
the breeding grounds decreased in 10%, however 
remaining in a higher level (11 in average) when 
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compared to the participants` (1 in average) (Chart 
1). The samples were taken at the same time of the 
year corresponding to the wet season, which is the 
peak of the mosquitoes’ proliferation. 
 
Chart 1:  
Eggs and breeding grounds 

 
Note: (2022) authors 
 

As an outcome from the development and 
successful performance of the study, two main 
digital tools were designed: 1. Guidebook; and 2. 
Web App [11, 12, 16, 17, 18, 19]. Their main 
purpose is to influence the broader context, 
replicating the experience of the workshops, 
expanding knowledge/action on fighting dengue in 
social housing neighbourhoods 

 
5. CONCLUSION 

The findings of this study show that the toolkit 
and methodology developed provides a successful 
solution space capable of helping the community to 
avoid the dissemination of arboviruses. The results 
also indicate that all participants changed their 
practises to avoid mosquitoes proliferating, and the 
results, as seen 1 year after the end of the 
workshops, shows that they had changed their 
practises effectively. Despite performing the 
activities directly with only 7 families, hundreds of 
people in the community were informed of the 
methods including: 325 students from the Shopping 
Park Secondary School, 168 families from the NGO 
Estação Vida and 23 neighbours of the 11 sampled 
families. 

The methodology as developed also proved to 
be quite resilient to COVID-19 challenges. Due to 
the pandemic contingencies, the team turned the 
methods into digital ones, developing tools that will 
be a legacy for future projects.  

The project provided intense training for 
students at different levels from undergraduate to 
doctorate.  All 11 students participated and actively 
contribute to their studies. This methodology was 
put into practice at the Research Group MORA and 
is an example of vertical integration between 
different levels of skills.  
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ABSTRACT: This paper presents a methodology to assess Urban Heat Island (UHI) vulnerability, of Montpellier 
Metropolitan area, in France. The aim of this work is to assess the vulnerability, through the prism of urban 
planning policies as an innovative adaptation capacity of assessment.  The main objective is to provide advice to 
urban decision makers on how to adapt and mitigate this risk. A multi-criteria analysis is used to evaluate UHI 
vulnerability. We propose an analysis with two components: urban planning challenges and urban overheating 
exposure. Maps are generated for each component and aggregated to generate vulnerability map. Results 
shows that most exposed areas are located in urban centers, with the most challenges, while the analysis of 
planning characteristics reveal behaviors similar to those found in scientific literature. The results are relevant 
for French urban planners. Map produced is a support for urban planning, by targeting the most vulnerable 
areas in order to define priorities of interventions. Therefore, this method and its results could be reproduced in 
other French territories in research on urban vulnerability to Urban Heat Islands. 
KEYWORDS: Urban vulnerability, Urban Heat Island, Urban Planning Policies, Exposure, Multicriteria Analysis 
 
 

1. INTRODUCTION 
Cities, due to the modification of their urban 

environment and human presence, are facing Urban 
Heat Island (UHI) phenomenon [1]. Exacerbated by 
global warming effects, this phenomenon is 
intensifying and exposing populations and urban 
areas to thermal stress, which leads to health, 
comfort and energy overconsumption issues during 
the summer in particular [2]. 

To meet this challenge, in recent years, many 
studies have been developed, on the one hand, 
around the proposal of solutions to mitigate Urban 
Heat Island [2,3] and on the other hand, to identify 
areas prone to overheating [4]. Vulnerability 
assessments and maps are one of the 
methodologies proposed in the field of the 
mitigation and adaptation to Urban Heat Islands 
and have been used internationally [5] and in 
France [6]. Vulnerability is defined as the fragility 
and action capacity of an area or a population 
following its exposure to a risk, a stress or a 
disturbance [5]. 

In parallel, with the developments of these 
studies which demonstrate a direct relationship 
between planning, morphology and Urban Heat 
Island [7], urban decision-makers try to seize this 
question. However, results interpretation and 
realization of this type of study remain a challenge 
due to a lack of tools, skills and a language related 

to the field of urban climatology far from their 
practice of regulatory urban planning [8]. Studies to 
identify areas vulnerable to the Urban Heat Island 
effects and their consideration within urban 
planning must therefore be considered as a major 
asset and perspective for responding to the 
development challenges of urban territories and 
mitigation of urban overheating [8]. 

This research proposes a methodology to 
integrate and take into account the challenges of 
urban planning as adaptation capacity following the 
exposure of the territory to the risk represented by 
urban overheating. By carrying out a vulnerability 
map summarizing the relationships between urban 
planning challenges and exposure to climate 
hazards, an identification of the zones 
characteristics is carried out. This analysis enables 
to highlight mitigation and adaptation solutions 
adapted to the language of urban planning and 
which can be integrated into urban planning 
documents. Finally, this work aims to support urban 
decision makers in the search for solutions to fight 
and intervene against the intensification of urban 
heat islands. 

 
2. METHODOLOGY 

This research involves three stages (fig.1). The 
first consists of generating multi-criteria database of 
urban planning challenges and exposure to Urban 

 

Heat Island effects. The second consists of 
generating the vulnerability map and the last step 
concerns the analysis of the distribution and areas 
characteristics and the proposal of mitigation and 
adaptation solutions adapted to urban planning. 

 
Figure 1:  
Conceptual Framework of the vulnerability assessment.  

 
 

2.1 The study area 
Montpellier Méditerranée is a metropolitan area 

located in Occitanie region, in the south-east of 
France (fig.2). With a surface area of approximately 
49 000hA, it hosts 481 276 inhabitants distributed 
in 31 municipalities in 2018 [9].  

 
Figure 2:  
(a) Location of Montpellier Méditerranée metropolitan 
area in France ; (b) 31 municipalities of Montpellier 
Méditerranée metropolitan area. 

 
 
Bordered by the Mediterranean Sea, the climate 

is a typical Mediterranean climate according to 
Koppen-Geiger classification. In recent years, it has 
experienced an increase of populations which leads 
to significant urban sprawl, densification which 
exacerbated Urban Heat Island phenomenon [10]. 

For this study, the entire surface of the territory is 
investigated, however, the resolution and precision 
of the data used is a set of cells of 200 x 200m 
which form the study mesh of approximately 11500 
cells. 
 
2.2 Data acquisition 

To produce a map of areas subject to Urban 
Heat Island effects representing the metropolitan 
area of Montpellier Méditerranée, data is acquired 
from satellite observations, demographic data and 
regulation from urban planning. 

Climatic data (Land Surface Temperature) is 
obtained from the processing of images from 
LANDSAT-8 satellites [11]. The characterization of 
urban planning comes from the integration of Local 
Urban Plans in force in the study area. The 
demographic data are taken from the population 
census carried out by the French National Statistics 
and Economics Studies Institute in 2018 [9]. Finally, 
the data relating to the characteristics of the 
territory (use, topography, proximity) are acquired 
from the open data of the metropolis of 
Montpellier Méditerranée. Through the scientific 
literature, results have made it possible to better 
understand the impacts of urban parameters 
integrated into the study on Urban Heat Island 
phenomenon. A brief summary is provided to 
explain the classification of each indicator.  

The data processing was carried out within a 
geographic information system (GIS), a tool used in 
the practice of urban planners and urban decision 
makers [12]. QGIS software was used, version 3.22, 
to generate the vulnerability study and indicators 
database presented in this study.  
 
2.3 Urban planning challenges 

Local Urban Plans, at municipal or inter-
municipal level, govern the territory development 
project and have an impact on the urban 
morphology and the appearance of the urban 
environment [13]. The indicators used in the 
formation of the urban planning challenges layer 
come from the spatial translation of sections from 
the regulation of Local Urban Plans. 

This regulation is one of the documents that 
make up the Local Urban Plans [14]. It enables to 
regulate, thanks to 16 sections, all construction 
projects on the territory by defining the urban, 
architectural and landscape characteristics within 
each plot [14]. For this study, 5 sections - indicators 
(tab.1) are integrated, namely the building footprint 
coefficient (section 9), the proportion of planted 
spaces (section 13), the air conditioning system 
implantation (section 11), the building’s maximum 
height (section 10) and the building’s location in 
relation to plot boundaries (sections 6 and 7). 
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Table 1:  
Urban planning challenges indicators and layers.  

Indicators Class Definition 
Building footprint 

(section 9) 
1 5-35% 
2 35-65% 
3 65-100% 

Green areas  
(Section 13) 

1 65-100% 
2 35-65% 
3 4-35% 

Building height (Section 
10)  

1 2-5m 
2 5-10m 
3 10-30m 
4 30-50m 
5 50-70m 

Air-conditioning (Section 
11)  

1 Prohibited 
2 Authorized 

Building’s location 
(Sections 6 and 7) 

1 Withdrawal on all 
2 1 withdrawal min. 
3 1 alignment min. 
4 Alignment on all 

 
The building footprint coefficient indicators and 

the proportion of planted spaces are negatively 
correlated, the increase of the first exacerbates 
urban overheating [15] while the increase of the 
second constitutes one of the most cited solutions 
to fight against Urban Heat Island within the 
scientific literature [3]. The air conditioning system 
implantation is one of the intensification causes of 
Urban Heat Island phenomenon, due to the 
anthropogenic heat generation toward the outside 
environment and surrounding unequipped buildings 
[16]. The construction’s height is linked to the 
street’s prospect, which has an impact on radiative 
exchanges contributing to the modification of urban 
materials temperatures [17]. Finally, building’s 
location on plots has an impact on urban porosity 
and roughness, which disrupts air circulation and 
therefore the trapping of urban overheating [18]. 
 
2.4 Urban overheating exposure 

The exposure of the territory and the 
populations to urban overheating characterizes the 
extent of Urban Heat Island effects and the possible 
local aggravation degree of the phenomenon 
according to geographical and demographic 
characteristics. In this work, 6 indicators (tab.2) are 
taken into account. This involves taking into 
account: topography, population density, land uses, 
daytime Surface Urban Heat Island intensity and 
proximity to green and water spaces. Increase in 
altitude has a positive attitude on temperatures, 
the higher it is, the more the temperature 
decreases with an order of 0.6°C decrease for every 
additional 100m [19]. 

Population density has a negative impact on 
urban overheating, in fact, density is an indicator of 
the concentration of populations within the same 
place, and this is directly linked to the increase in 

urban temperatures due to anthropogenic heat 
generation. Land uses influence Urban Heat Islands 
effects, because urban areas see their environment 
modified compared to the rural environment 
(modification of urban materials, air circulation and 
loss of vegetation cover) [1,2,3]. 
 
Table 2:  
Urban overheating exposure indicators. 

Indicators Class Definition 
Topography 1 > 300 m 

2 150-300m 
3 < 150m 

Population density  1 0-48 
2 48-126 
3 126-231 
4 231-384 
5 384-627 
6 627-1231 
7 1231-2439 

Land uses  1 Unbuilt areas 
2 Housing  

3 
Business, industrial, 
education, historic 

center, public 
Surface Urban Heat 

Island intensity 
1 < 0°C 
2 0-1°C 
3 1-2°C 
4 2-5°C 
5 5-10°C 
6 > 10°C  

Proximity to green and 
water areas 

1 Near green spaces 

2 Away from green 
spaces 

 
The Surface Urban Heat Island intensity is an 

indicator of urban overheating, since it represents 
the thermal gradient, characterized by the 
difference in mean surface temperature between 
natural areas and urban areas. Finally, the proximity 
to green and aquatic spaces is beneficial in reducing 
Urban Heat Island effects because the presence of 
plants and water allows the nearby urban air to be 
refreshed by evaporation [3]. 

 
2.5 Global vulnerability map production  

From 11 indicators, layers summarizing the 
urban planning challenges and the exposure of the 
territory and the population to the risk of urban 
overheating are generated using an explicit 
weighting method with equal weights [5]. A 
classification is made for each indicator, according 
to its behaviour on the intensification of urban heat 
islands. The lowest degrees of challenges and 
exposure are assigned a low value while the highest 
degree is assigned a high value. The global map is 
then generated from challenges and exposure 
layers. The synthetic map includes 9 different 
classes (tab.3) which represents the relationship 

 

between urban planning challenges and exposure 
to urban heat island effects. 

 
Table 3:  
Urban vulnerability classification. 
Class Nomenclature Urban 

planning 
challenges 

Exposure to 
urban 

overheating 
1 A1P1 Low  Low 
2 A1P2 Medium Low 
3 A1P3 High Low 
4 A2P1 Low  Medium 
5 A2P2 Medium Medium 
6 A2P3 High Medium  
7 A3P1 Low  High 
8 A3P2 Medium High 
9 A3P3 High High  

 
3. RESULTS AND DISCUSSION  
3.1 Urban overheating vulnerability assessment  

The most vulnerable areas, because they 
present highest planning challenges and strongest 
exposure to urban overheating, are concentrated 
within the territory's urban centers (fig.3), where 
proximity to green and water spaces are rarer as 
well as the built and demographic density is higher. 
Data show that areas with more vegetation both on 
the plot with more planted spaces and less built 
spaces as well as proximity to green spaces, are less 
prone to urban overheating. Indeed, these areas 
show an average surface temperature gain of up to 
3.55°C compared to the most exposed areas (tab.4). 
The most exposed areas represent 25.79% of the 
surface of the territory while the least vulnerable 
areas represent 56.14% of this surface, i.e., more 
than half of the overall surface of the territory. It 
also appears that on average, the most exposed 
areas are 2.42°C warmer than the less exposed 
areas. 

 
Table 4:  
Percentage of total surface area and land surface 
temperatures of vulnerability classes (A1P1 to A3P3). 
Nomencl

ature 
% of total 

surface area 
LST°C 
min 

LST°C 
mean 

LST°C 
max 

A1P1 47.35 24 32.67 41 
A1P2 8.72 24 33.55 42 
A1P3 0.07 31 33.73 36 
A2P1 15.32 25 34.75 60 
A2P2 12.20 26 34.10 41 
A2P3 1.40 30 34.81 42 
A3P1 2.74 29 36.22 60 
A3P2 9.67 30 34.98 42 
A3P3 2.52 30 35.99 45 

N areas 44.30 24 30.94 42 
Note: N areas: natural N areas included in urban zoning of 
Local Urban Plans. 

 
 
 

Figure 3:  
Vulnerability map: relationship between urban planning 
challenges and urban overheating exposure.  

 
 

The most exposed areas (A3P3, A3P2, A3P1 and 
A2P3), are mainly made up of mixed areas with 
dominant habitats and activities, located in urban 
centers, which present strong challenges due to the 
high concentration of populations and activities 
generating anthropogenic heat, a high density 
(tab.5) which reduces their air circulation potential 
and their proportion of green cover. 

 
Table 5:  
Mean urban planning challenges classes for each 
vulnerability classes. 
Nomenclature S9 S13 S10 S11 S6/7 

A1P1 1 1 2 1 2 
A1P2 1 3 2 1 3 
A1P3 3 3 3 1 3 
A2P1 1 1 2 1 2 
A2P2 2 3 2 1 2 
A2P3 2 3 3 2 3 
A3P1 1 1 2 1 2 
A3P2 2 3 2 1 2 
A3P3 3 3 3 1 3 

Total area 2 2 2 2 2 
Note: S9: Building footprint coefficient (section 9); S13: 
Proportion of green areas (section 13); S10: Building 
height (section 10); S11: Air-conditioning systems (section 
11) and S6/7: Building’s location in relation to parcel 
boundaries (sections 6 and 7). 
 

The less exposed areas (A1P2 and A1P1) are 
mostly made up of mixed areas, predominantly 
agricultural and natural areas, where challenges 
seem lower, due to a lower concentration of 
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population and activities, a lower density and 
greater vegetation cover. Finally, the intermediate 
level areas (A2P2, A2P1 and A1P3) are made up of 
mixed zones which present less serious challenges 
due to a lower concentration of population and 
activities characterized by the suburban areas, with 
average built and vegetation coverage and better 
ventilation potential.  

In the table 6 (tab.6) are presented the 
minimum, average and maximum temperatures for 
each class of indicators of urban planning 
challenges for the entire territory. It appears that 
the areas allowing a higher building footprint 
coefficient are warmer by 2.41°C on average than 
the less built-up areas. Similarly, more heavily 
planted areas are cooler by an average of 1.37°C 
than lightly green areas. Areas allowing 
implantation of air conditioning are warmer by 
1.2°C on average than the areas which prohibit it. 
The analysis of the construction maximal height 
indicates that the highest temperatures are found 
in areas where the height is between 10-30m while 
this area covers only 13.5% of the territory. This 
result can be explained by the fact that this height 
corresponds to an average height that does not 
allow sufficient shade to be generated and that 
these constructions are located in areas where air 
circulation is not optimal. Finally, the location of 
construction least impacted by urban overheating is 
defined as imposing a minimum alignment with an 
average cooler temperature of almost 2°C 
compared to the other configurations. 

 
Table 6:  
Land surface temperatures of urban planning challenges 
indicators ‘s classes. 

Indicators Class LST 
°C min 

LST 
°C mean 

LST 
°C max 

Building 
footprint S9 

1 24 33.17 42 
2 30 34.907 42 
3 27 35.58 45 

Green areas 
S13 

 

1 26 33.38 41 
2 30 34.46 42 
3 27 34.75 45 

Building 
height 

S10 

1 29 33.85 39 
2 24 33.96 60 
3 30 35.26 45 
4 30 34.81 38 
5 32 34.77 38 

Air-conditio. 
S11 

1 24 33.02 45 
2 28 34.22 43 

Building’s 
location 

S6/7 

1 29 34.32 42 
2 24 34.17 60 
3 24 32.62 44 
4 30 34.23 39 

 
3.2 Mitigation and adaptation measures  

The vulnerability map enables to identify areas 
most prone to Urban Heat Island effects and the 

analysis of planning challenges makes it possible to 
visualize the planning characteristics of these areas. 
Mitigation and adaptation solutions can thus be 
defined (tab. 7) and orientations considered during 
the development of new urban planning regulations 
to fight against Urban Heat Island phenomenon. 

 
Table 7:  
Adaptation and mitigation measures from urban 
regulations of Local Urban Plans. 
Nomenclature S9 S13 S10 S11 S6/7 

A1P1 ▼ ▲ ▼ ▼ ▼ 
A1P2 ▼ ▲▲ ▼ ▼ ▼ 
A1P3 ▼▼▼ ▲▲▲▲ ▼▼ ▼ ▼ 
A2P1 ▼ ▲ ▲ ▼ ▼ 
A2P2 ▼▼ ▲▲▲▲ ▲▲ ▼ ▼ 
A2P3 ▼▼▼ ▲▲▲▲ ▼▼ ▼▼ ▼ 
A3P1 ▼ ▲ ▲ ▼ ▼ 
A3P2 ▼▼▼ ▲▲▲▲ ▲ ▼ ▼ 
A3P3 ▼▼▼▼ ▲▲▲▲  De  ▼ ▼ 

Total area ▼▼ ▲▲ ▼ ▼▼ ▼ 

Note: ▲ recommend increasing indicator impact on UHI; ▼ 
recommend decreasing indicator impact on UHI. 
 

Thus among the 5 indicators - sections taken 
into account in the study, recommendations are 
defined to improve their behaviour on Urban Heat 
Islands intensification: improve the proportion of 
permeable spaces and green spaces by reducing 
building footprint coefficient and the percentage of 
planted areas; improve urban ventilation and heat 
exchange by optimizing the height and location of 
buildings on the plot and finally, reduce the 
anthropogenic heat generation by controlling and 
limiting the installation of air conditioners on these 
plots. 

 
3.3 Application and impacts  

This work consisted in developing a 
methodology which enables to link the climatology 
sciences to the operational practices of urban 
decision makers and urban planners. This 
methodology provides results allowing these 
stakeholders to grasp this issue while providing 
them with levers of action that they had at their 
disposal within urban planning documents. Carried 
out in a French context, this work is applicable to all 
French territories with a regulation of Local Urban 
Plan, i.e., 65% of the territory in 2022 [20]. It allows 
these stakeholders to carry out a vulnerability 
diagnosis of their territory to a fine mesh close to 
the block and using data and tools (GIS) from their 
daily practices. 

 
4. CONCLUSION 

This research brings two perspectives for urban 
planning. The first is that vulnerability map enables 
to spatially visualize and identify the different 

 

degrees of Urban Heat Island vulnerability [5-6,21]. 
Indeed, it appears that the percentage of the most 
vulnerable areas with a medium to high hazard level 
and a medium to high urban planning challenge 
represents ¼ of the total area of the metropolis 
with an average surface temperature 4.79°C 
warmer than N natural areas.  

The second is that this research including urban 
planning characteristics presents results similar to 
studies of the impact of urban form on Urban Heat 
Island [2-3,16-19] while employing a language 
understandable to urban planners [7,21]. This 
method enables to anticipate and plan mitigation 
strategies among the solutions most cited in the 
scientific literature and translated for urban 
decision makers. 

This research involved a limited number of 
vulnerability indicators and do not allow to assess it 
entirely. Further development could involve the 
integration of more socio-economics and climatic 
indicators, such as wind and air temperature, in 
order to obtain a more global view of the risk posed 
by Urban Heat Islands. Despite these limitations, 
thanks to the integration of urban planning 
indicators as an adaptation capacity to urban 
overheating, it is possible, on the one hand, to 
understand the effects of planning on the 
amplification of Urban Heat Island phenomenon. 

Thus, controlling built areas density, green areas 
and anthropogenic heat generation would allow an 
improvement in urban temperatures and a 
reduction in thermal stress suffered by urban 
populations. On the other hand, mitigation and 
adaptation strategies that can be integrated into 
urban planning documents enable to adapt, justify 
and optimize interventions or projects to 
implement solutions. 
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The microclimate effects of urban green infrastructure 
under RCP 8.5 projection and plant vitality 

Will plants be enough? 
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ABSTRACT: The rise of mean temperature and urban heat island threatens the health of people and can raise the 
energy consumption of cities. Vegetation can be an important strategy to mitigate and adapt cities to the impacts 
of climate change Therefore, this research aims to analyze and quantify the effects and vitality of vegetation on 
the urban microclimate under RCP 8.5 IPCC scenario within the São Paulo city. ENVI-met model and climate data 
from PROJETA/INPE and IAG/USP Meteorological Station were utilized for modeling parametric models 
representing the three most common Local Climate Zones (LCZ) found in São Paulo city: LCZ 3, LCZ 6 and LCZ 8 
under RCP 8.5 IPCC conditions. To analyze how vegetation can impact urban microclimate, trees were 
implemented along each LCZ studied and new simulations on ENVI-met for each condition were carried out. The 
results of this research shows that vegetation in extreme heat conditions barely can change air temperature but 
reduces significantly mean radiant temperature, surface temperature and PET (Physiological Equivalent 
Temperature. But the results also show that vegetation may not be enough and may suffer from heat stress as the 
Leaf Temperature results show temperatures near to  50oC which can be dangerous to your vitality. 

 
 

1. INTRODUCTION 
According to the Intergovernmental Panel on 

Climate Change IPCC (2021), human settlements will 
be affected by more frequent extreme climate 
events, such as heatwaves, with more hot days and 
warm nights. It also indicated rising sea levels, more 
tropical cyclone storms and a higher intensity of 
rainfall, that will increase the probability of coastal 
city flooding.  

Vegetation can improve the urban microclimates 
and contribute to the mitigation of the warming 
effects in cities. The cooling effect by vegetation is 
achieved through evapotranspiration process in 
combination with shading, which can increase 
specific humidity and reduce surface temperatures. 
In parallel, trees and other green components filter 
the air, mask noise in cities, and prevent soil erosion 
while contributing to the mental balance of city 
dwellers (8). 

Therefore, green urban infrastructure has been 
promoted as promising for reducing the adverse 
effects of climate change in urban areas, for 
example, by balancing water flows to alleviate 
flooding, providing thermal comfort by shading 
vegetation, and supporting coping capacities by 
providing people with opportunities to grow food for 
themselves (6). 

 
1 Institute of Astronomy, Geophysics and Atmospheric 

Sciences - University of São Paulo. 

The Representative Concentration Pathways 
(RCPs) were presented on IPCC Fifth Assessment 
Report (AR5), which adopt different greenhouse 
concentrations and are used for climate modeling to 
generate future projections. The RCPs include a 
stringent mitigation scenario (RCP2.6), two 
intermediate scenarios (RCP4.5 and RCP6.0) and one 
scenario with very high GHG emissions (RCP8.5) 
(IPCC, 2014). The RCP8.5 is the high pathway for 
which radiative forcing reaches greater than 8.5 W 
m-2 by 2100 and continues to rise for some time (the 
corresponding ECP assuming constant emissions 
after 2100 and constant concentrations after 2250) 
(8). 

This present research aims to quantify and 
analyze the effects of vegetation on microclimates, 
considering RCP 8.5 IPCC scenario in the city of São 
Paulo.  

The ENVI-met model was used to build the 
parametric models that represent the most common 
LCZs in São Paulo For RCP 8.5 IPCC conditions, 
simulations considered climate data from the 
National Institute for Space Research - 
INPE/PROJETA1 platform and IAG USP2 
Meteorological Station. 

ENVI-MET is a three-dimensional, high-resolution 
prognostic microclimate model (1). One of the main 

2 PROJECTIONS OF CLIMATE CHANGE FOR SOUTH AMERICA 
REGIONALIZED BY THE ETA MODEL - 

https://projeta.cptec.inpe.br/#/dashboard 

 
 

advances in the ENVI-met model is the detailed 
modeling of vegetation. With the development of 
the plant-as-object model, plants are no longer 
treated as loose grid cells of leaf area density (LAD) 
but rather considered as aggregate, dynamic objects 
that react immediately with environmental 
conditions (15). Through a high-resolution modeling 
area, ENVI-met is able to calculate carbon dioxide 
(CO2) and water vapor exchange at the leaf scale 
using an adaptation of Jacobs (1994) studies for 
stomata behavior (2). 

The urban morphology of the parametric 
scenarios considered the Local Climate Zones from 
the studies of Steward and Oke (2012), which are 
uniform regions of surface cover, structure, material, 
and human activities that extend hundreds of meters 
to several kilometers within the horizontal scale. 
LCZs are classified into 17 classes, 10 of which can be 
classified as urban; thus, it is a system originally 
designed to promote better understanding for urban 
heat island studies by allowing standardization of 
urban temperature observation (17).  

To analyze the effect of vegetation, simulations 
were run with and without plants. The simulation 
results were compared and indicated how 
vegetation influenced the surroundings, for different 
LCZs and considering RCP 8.5 projection. 

 
2. METHODS 

 
2.1 LCZs in the city of São Paulo 

The LCZ data in the city of São Paulo were 
generated by Ferreira (2019) following the WUDAPT 
methodology to classify the LCZs in the city of São 
Paulo, for 2017.  
 
Figure 1: Percentage of each LCZ in São Paulo, according to 
Ferreira (2019).  
 

 
 
These LCZs data were processed through the 

QGIS geoprocessing model, raising the percentage 
for each LCZ typology existing in the city (Fig. 1). In 

 
3 Kropp, Tim et al. 2018. “Enhancement of the WuDapT Portal 

Tool WUDAPT2Envi-MET: Introducing Site-Specific Local Climate 
Zones to WUDAPt2Envi-MET.” PLEA 2018 - Smart and Healthy 
within the Two-Degree Limit: Proceedings of the 34th 

this way, the three most representative LCZs are: LCZ 
3 (40.2%), LCZ 6 (14.5%) and LCZ 8 (16.1%) and these 
urban typologies were considered in this research. 

 
2.2 Modeling the case studies 

The tile LCZs used in this research were adapted 
to the context of the city of São Paulo following 
parameters from previous research 3within the 
Laboratory of Energy Efficiency and Environmental 
Comfort of the School of Architecture and Urbanism 
of the University of São Paulo. Thus, the typologies 
LCZ 3, LCZ 6 and LCZ 8 were modeled (Fig 2). 

Each LCZ was digitized, having a total size of 
100m x 100m and the surface properties according 
to each LCZ typology (type of concrete, asphalt and 
building materials).  
 
Figure 2: LCZ 3, LCZ 6 and LCZ 8 (100x100m)  

 

 
 
For each scenario, an area with 9 blocks was 

modeled in a 3m x 3m grid cell resolution (Fig. 3), 
with a total area size of 300m x 300m. This 
simulation format was chosen because it can show 
better results, mainly in the central block, as the 
edges of the scenarios are more unstable regions 
and largely influenced by wind flow. 

 
Figure 3: LCZ 3, LCZ 6 and LCZ 8 with 9 blocks. 
 

 
 
Figure 4 indicates the central block considered for the 

analysis of the simulation results. 
 
Figure 4: Central block in models LCZ 3, LCZ 6 and LCZ8 

International Conference on Passive and Low Energy Architecture 
1(December): 256–61.  

Ferreira, Luciana Schwandner. 2019. “E Morfologia Urbana 
Temperatura De Superfície E Morfologia Urbana.” 
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2.3 Assembling meteorological data from climate 
projections RCP 8.5 

As mentioned previously, the future climate 
projection data were obtained from the 
INPE/PROJETA4 platform for air temperature at 2m 
and relative humidity for the period from January 1st 
2006 to January 31, 2099. The climate data taken 
from INPE/PROJETA are data corresponding to the 
climate scenario with 5km resolution, RCP 8.5 of the 
HADGEM2-ES model for the municipality of São 
Paulo. 

In this time frame, the simulations started at 0 
a.m. on 11.23.2099, which was chosen as it presents 
the highest average air temperature: 39.9ºC, about 
12 degrees Celsius above the current average. 

Each simulation ran during 24 hours and, in the 
ENVI-met settings, climatic conditions used simple 
forcing configuration, requiring hourly data for air 
temperature and relative humidity. However, 
INPE/PROJETA data for air temperature has only 
hourly values with time intervals for every 3 hours; 
the relative humidity data are organized in daily 
average values for each corresponding day. For this 
reason, adjustments5 were necessary in order to use 
the forcing tools of ENVI-met, 

 
Figure 5: Simple forcing data for air temperature and 
relative humidity, considering INPE/PROJETA RCP 8.5, on 
11.23.2099. 

 
 
To estimate the hourly values of air temperature 

and relative humidity, a simple estimation was made 
utilizing the average value of of air temperature 

 
4 More information in 

https://projeta.cptec.inpe.br/#/dashboard. 
5 These adjustments were suggested by Professor Dr. 

Humberto Ribeiro da Rocha from IAG/USP (Institute of 
Astronomy, Geophysics and Atmospheric Sciences). 

(39,9ºC) and relative humidity (63%) for 11.23.2099 
and the the hourly curve of air temperature and 
relative humidity from IAG 2008 Weather Report. 
The estimated values for air temperature and 
relative humidity follows the same hourly curve 
proportion of the IAG Weather Report but 
corresponds to the average values of air 
temperature and relative humidity of the day 
11.23.2099.  

Figure 5 illustrates the results of air temperature 
and humidity estimations and illustrates its 
simplicity. 
 
2.4 General Simulation properties 

For all simulations the same meteorological 
conditions were submitted, according to table 1.  The 
simulation covers a 24-hour period for November 11, 
2099, the projection date with the highest 
temperature averages. The wind speed for 2m 
height was set as 1 m/s. The initial soil humidity and 
soil temperature for the simulations was set 65% and 
20°C, respectively. 

 
Table 1:  ENVI-met input data6 

Start Simulation at day 11.23.2099 
Wind Speed in 10m ab. Groud (m/s) 1m/s 
Wind Direction (0N/90E/180S/270W 135 

Specific Humidity in 2500m (g  
Water/ kg air) 

8 

Simulation Duration 24hrs 
Simulation Start Hour: 00:00 

Simulation Ending Hour 23:59 
Nesting Grids 4 

Simulation Resolution 3m 

Simulation Type simple 
forcing 

 
2.5 Vegetation data 

ENVI-met has an extensive editable vegetation 
database in Albero. Within this database, a new tree 
type was created based on information by the 
Municipal Environmental Agency (SVMA), which has 
published a Technical Manual of Urban Arborization, 
indicating the main tree species existing in the city of 
São Paulo.  

Based on this document, a new tree type was 
created in the ENVI-met model: a15 m high tree, 
with a crown width of 9 m and a LAD value of 1 
m²/m³. The size, width and LAD of this tree 
corresponds to the values of the large adult tree, 
categorized by the Urban Tree Planting Technical 
Manual. 
 

6 Data based on previous research from Shinzato (2019):  
Paula et al. 2019 Calibration process and parametrization of 
tropical plants using ENVI-met V4 – Sao Paulocase study, 
Architectural Science Review, 62:2, 112-125, DOI: 
10.1080/00038628.2018.1563522 

 
 

Figure 6: New tree type created in Albero. 
 

 
 
2.6 Building and surface data 
The surface properties for concrete and asphalt were 
defined based on Gusson (5) (2020) research that 
created specific urban materials for São Paulo and 
also defined the constructive profile for façades and 
roofs of the existing buildings in the city. The soil 
profile was based on Shinzato (2014), which 
considered a sandy clay loam soil. 
 
2.7 Scenarios with vegetation 

For the vegetation scenarios, street trees were 
placed in all scenarios. Only in the LCZ 6 that it also 
considered trees within the block. Thus, trees were 
located along the perimeter of the central block of 
each LCZ scenario, with a 6m to 9m spacing between 
trees (Fig. 7). 
 
Figure 7: Scenarios with vegetation for LCZ3, LCZ6 and LCZ8 
  

 
 

 
2.8 Thermal Comfort Index: PET (Physiological 
Equivalent Temperature)  

ENVI-met can calculate thermal comfort indexes 
for the whole modeling area, using BIO-met. In this 
research, PET was configured as the following table: 

 
Table 2:  BIO-met PET configuration 

Age of person 35 
Weight 70kg 
Height 170cm 
Gender Male 
Static Clothing Insulation 0.57 
Sum working Metabolism 130 W8 

 
3. RESULTS 

Figure 8, Figure 9 and Figure 10 demonstrate the 
differences in air temperature, mean radiant 
temperature - MRT, surface temperature, comparing 
scenarios without and with vegetation for each LCZ. 

Regarding the air temperature, and focusing in 
the central block, it could be seen that small 
temperature reductions occur during the afternoon, 

 
7 Light clothing for clo value. 

with the maximum reduction up to -0.19ºC in the 
hottest period for the LCZ 3 case; -0.18ºC for the LCZ 
6 case; -0.19ºC for LCZ 8. 

When analyzing the simulations and observing 
the results from the scenario with vegetation and 
without it, it is possible to see that vegetation is 
capable of reducing air temperature. But in this 
situation of high air temperatures, the difference 
between the vegetated scenarios and non-vegetated 
ones are little and near to nothing. 

 
Figure 8: Potential air temperature differences between 
vegetated scenarios and non-vegetated ones. 

 

 
 
 
 
 

 
 

 
Figure 9: Average air temperatures for LCZ 3, LCZ 3 
vegetated, LCZ 6, LCZ 6 vegetated, LCZ 8 and LCZ 8 
vegetated. 

 

 
 

By analyzing the data from the simulations of the 
central block in all cases, it can be seen that 
vegetation showed significant impacts, mainly with 
the reduction of Mean Radiant Temperature (MRT) 
values, surface temperature and Physiological 
Equivalent Temperature (PET). These differences are 
especially due to the effect of tree shading, reducing 

8 Mean working metabolism for light walking. 
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the incident solar radiation on surfaces such as 
asphalt and concrete. 
 
Figure 10: Average mean radiant temperatures for LCZ 3, 
LCZ 3 vegetated, LCZ 6, LCZ 6, LCZ 8 and LCZ 8 vegetated 
(°C). 

 
 
Figure 11: Surface Temperatures for LCZ 3, LCZ 3 
vegetated, LCZ 6, LCZ 6, LCZ 8 and LCZ 8 vegetated (°C). 

 

 
 
Also, all simulation results showed high PET 

values in all situations. With the presence of 
vegetation, it is possible to observe a significant 
reduction in PET values, especially for LCZ 3 and LCZ 
8, and not enough to provide better thermal 
sensation. Although the reduction, the vegetation in 
these simulations were not enough to provide better 
thermal sensation. 
 
Figure 12: The comfort/sensation scale of the physiological 
equivalent temperature (PET) 
 

 

 
 
Figure 13: PET for LCZ 3, LCZ 3 vegetated, LCZ 6, LCZ 6, LCZ 
8 and LCZ 8 vegetated(°C). 
 

 

 

Figure 14: Air temperature and leaf temperature for LCZ 3, 
LCZ 3 vegetated, LCZ 6, LCZ 6, LCZ 8 and LCZ 8 vegetated 
(°C). 

 

 
 

The leaf temperature is a parameter that shows 
how the ambient affects its vegetation. All 
simulations with vegetation present high values for 
leaf temperature near to 50°C at the peak air 
temperature and it is even higher than air 
temperature. It is also possible to observe that leaf 
temperatures are higher than air temperature in all 
simulations. This shows that vegetation may be 
under heat stress and evapotranspiration has 
ceased. According to Slot et al. (2019) the critical and 
heat tolerance values of leaf temperature are 
between 46°C to 51°C. This indicates that urban 
vegetation may struggle to survive and may lose its 
vitality in RCP 8.5 conditions.  

 
 

4. CONCLUSIONS 
This ongoing study demonstrates that vegetation 

has a significant impact on the urban microclimate, 
reducing air, surface and mean radiant 
temperatures, as well as PET. Although vegetation in 
the simulations struggles to reduce air temperature, 
still, can reduce important values such as mean 
radiant temperature, surface temperature and PET; 
vegetation alone is not sufficient to ensure adequate 
conditions for people’s thermal comfort, under 
extreme air temperatures.  

The simulations on ENVI-met results also showed 
that vegetation may suffer from thermal stress 
during these periods of extreme heat and its vitality 
may be threatened, especially knowing the 
increased frequency of extreme heat days.  

The expansion of urban greening is indeed a path 
to reduce urban impacts such as excessive heat and 
many municipalities are adopting this strategy, but 
this research demonstrates that urban greening 
must follow good planning and take into account the 
health and well management of trees before its 
implementation. 
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ABSTRACT: This study compared the effect of roof retrofit technologies, green roofs and a high albedo coated 
‘cool roof’ to a typical concrete roof in order to mitigate the urban heat island effect and building cooling energy 
demand in an extreme hot arid climate. Dynamic energy simulations predicted a 9.2% and 7.5% reduction on the 
cooling load for the cool and green roofs, respectively, compared to the conventional. In the urban microclimate 
simulations, the air temperature difference at pedestrian level for the modelled cool and green roofs was -0.8oC 
and -0.6oC compared to the conventional, and the average surface temperature for the roofs’ external layer was 
31.5oC (cool) and 31.3oC (green) compared to 40.2oC (conventional). 
KEYWORDS: Air temperature, cool roof, ENVI-met, microclimate, urban heat island  
 
 

1. INTRODUCTION  
Accelerated economic growth has combined 

with urban spread and a dearth of land resources to 
create extremely dense clusters of buildings in 
urban centres. This urbanization and densification 
have degraded the urban microclimate and caused 
an increase in ambient urban air temperatures, 
leading to urban heat islands (UHI) [1–3]. UHIs are 
caused by an increase in the temperature in a built-
up urban area compared to the adjacent 
countryside. They are mainly created by the 
comparatively larger amount of incident solar 
energy absorbed by manmade materials and held 
within them. UHIs can impact day and night-time 
temperatures alike, and in turn negatively affect air 
conditioning loads and exacerbate heat waves. The 
latter are classed among the greatest global 
dangers likely to happen in the forthcoming decade 
[4]. Focused on hot and arid climates, a few studies 
have considered active approaches, such as ponds, 
green roofs, and high albedo reflective materials, 
but these are less common than other climatic 
typologies [5–9]. Such research has shown that 
expanding the amount of green space and 
increasing the use of higher albedo materials within 
urban areas can mitigate UHI effects. By lowering 
sensible heat flux, green spaces transform solar 
radiation into latent heat, and higher albedo 
materials reflect around 90% of solar radiation back 
to the sky [10]. The application of reflective 
coats/paints is easier than other passive approaches 
[11]. Such coats are widely used on building roofs to 

create ‘cool roofs’, due to the longer sun exposure 
of a roof versus other building envelope 
components [12]. At peak times, the temperature 
of conventional roofing materials can reach 88oC, 
whereas cool roofs may peak at 49oC [13]. A 15% 
energy reduction can be achieved with a cool roof 
in a hot climate, alongside an average roof surface 
temperature decrease of 1.4–4.7˚C [14]. The 
thermal properties of this new material are 
extremely promising for heat mitigation 
infrastructure as surfaces remain cooler than the 
ambient air when there is high solar insolation [15].  

The literature has also prioritized the impact of 
cool materials on building cooling demand [16–17] 
or decreasing roof surface temperature [18]; 
however, less is known about how a decrease in 
indoor cooling demand could reduce UHIs in a hot 
arid climate. For a typical residential house in such a 
climate (Bahrain), this study investigates how green 
and cool roofs, compared with a conventional roof, 
might decrease ambient air temperature at the 
micro-urban scale. The study also evaluates 
potential building energy reductions. The findings 
should guide green and cool roof approaches and 
assist strategy decisions on building envelope 
retrofitting. 
 
2. METHODOLOGY 

Building performance simulation tests single 
variable changes in the construction layers of a 
calibrated base case model, to examine the effect 
of applying different roofing scenarios on building 

 

energy saving loads. An urban performance 
simulation model is then used to test the impact of 
surface temperatures on outdoor air temperature 
at the pedestrian level. The aims were to: 

1) Identify a typical residential building typology 
and characteristics from construction drawings;  

2) Create a calibrated base case based on actual 
energy consumption data and occupancy profiles; 

3) Develop a parametric energy analysis for 
different roof scenarios, based on the annual 
cooling load energy savings; 

4) Analyze and compare the respective effects of 
cool, green, and conventional roofs on pedestrian-
level air and roof surface temperatures using ENVI-
met microclimate modelling. 
 
2.1 Dynamic energy modelling and software 
selection  

DesignBuilder has been validated in studies with 
similar aims to the current study [19–21]. As per the 
DesignBuilder manual, all the required data were 
identified, including the location, weather file, 
building geometry, construction materials, HVAC 
system, operational schedule, and internal load.   
 
2.2 Building model and climate—the base model  

Residential buildings consume more than 48% of 
the electricity used in Bahrain [22–23], and so the 
selected case study was a typical semi-detached 
two-storey residence developed by the Ministry of 
the Housing as an affordable public housing unit, 
known as T3M (Figures 1–2). The unit is in Hamad, a 
city in northern Bahrain (26.07oN, 50.30oE) 
categorized as BWh in the Köppen-Geiger climate 
classification [24]. This means extreme hot 
summers from May to October and mild winters 
from November to April. 
Figure 1: T3M residential unit as a reference case study 
residential unit [25] 

 
2.3 The base model setups 

This four-bedroom house has a total floor area 
of 210m2 and window to wall ratio of 15%. The 
construction layers and their relevant specifications 
are listed in Table 1. A lighting density of 5 W/m2 

was set for the building during operational hours, 
assuming that on weekdays from 9am–4pm family 
members are at work or school and only the 
housemaid is home. The occupancy load at these 
times is only 20%, rising to 100% when all the family 
is home, such as at the weekend. Occupancy 
density was assumed to be six occupants. 

 
Figure 2: DesignBuilder model of the T3M residential unit 

 
 
 
Table 1: Construction layers and their relevant 
specifications for the base case design  

Building Properties Unit 
No. of floors 2  

Total area 209 m2 
Floor height 3.17 m 
Ground level 0.45 m 

External wall area 421.6 m2 
External opening 

area 104.03  m2 

External wall 
insulation U-value: 2.746  W/m2-K 

Roof insulation U-value: 0.53 W/m2-K 

Glazing Double coated 6/8/6 
(SHGC 0.31) 

 

 3.26 W/m2K W/m2-K 
Window-to-wall 

ratio 24.6 % 

Shading Blinds (inside) with 
high-reflectivity slats 

 

Occupancy density 6 occupants   

System type Split air-conditioning 
units 

 

Thermostat setting  24°C for cooling (no 
heating) 

 

Cooling system 
seasonal CoP 2.5  

 
2.4 ENVI-met micro-urban modelling setups  

The micro-urban simulations were conducted 
with the three-dimensional non-hydrostatic climate 
model ENVI-met version 5 [26,27]. This simulates 
three-dimensional wind fields, turbulence, air 
temperature, humidity, radiative fluxes and 
vegetation- and building-atmosphere interactions, 
based on the fundamental laws of thermodynamics 
and fluid dynamics [28,29]. The simulated area was 



AN
ALYSIS AN

D M
ETHO

DS

AN
ALYSIS AN

D M
ETHO

DS

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

322 323

 

transformed into an ENVI-met model grid of 50 x 50 
x 40 with a resolution of 4m x 4m x 4m, as X, Y and 
Z, respectively (Figure 3). Note that the model area 
was rotated eastwards 320o out of grid north. The 
simulated building properties were adapted for the 
different roof types, and all other building 
parameters, such as construction layers and their 
relevant specifications, were adjusted as in Table 1. 
Vertical grid generation was equidistant, meaning 
that all dz are equal except the lowest grid box. 
Table 2 presents the simulation parameters and 
boundary conditions. All simulations were dated 30 
June and 1 July as a typical summer day, starting at 
5am. However, only the outcomes of second day 
were considered for further analysis while the first 
day acted as a spin-up period. 
 
Figure 3: The ENVI-met 3D model of the ASU campus 

 
 
Table 2: ENVI-met main parameters used for all tested 
scenarios 

Start date (local) 01.07.2020 at 5am 
Duration 48 h 

Wind speed 4 m/s 
Wind direction 315o 

Dimension 50 X 50 X 40 
Resolution (X, Y, Z) 4 m x 4 m x 4 m 

Meteorological boundary 
conditions Full forcing 

 
3. RESULTS AND DISCUSSIONS 
 

3.1 Base model energy validation and performance 
The building model was simplified and the inside 

spaces and zones identified and labelled; all other 
required data for the model were identified and 
used to create a dynamic energy simulation model 
for the base case for validation purposes before 
testing the various building roofs’ technologies, and 
because energy consumption can vary according to 
users’ behaviour and lifestyle and the number of 
occupants using the house unit. Therefore, official 
monthly electricity bills for three typical T3M 
houses were gathered and benchmarked with the 
DesignBuilder and the simulated outcomes were 
plotted against the three houses’ actual electricity 
consumption (Figure 4). All shared the same 
consumption trends, with substantial escalation in 
the summer season from May to October; this 
consumption trend is very common due to the 

heavy dependency on mechanical cooling, which 
accounts for 60–65% of electricity usage in buildings 
[30]. In terms of root mean square error (RMSE), 
which is a good measure of how accurately the 
model predicts the response. The RMSE was 6.80%, 
5.23%, and 8.89% for houses 1–3, respectively, 
falling within ASHRAE 14 tolerance criteria for RMSE 
of ± 20% [31,32]. This shows that the developed 
DesignBuilder base model captured the main 
aspects of the building’s physics. The annual 
consumption value of the three houses ranged 
between 31,403–39,420 kWh, with an average of 
34,194.33 kWh. Although DesignBuilder predicted 
an electrical consumption of 34,720.19 kWh/year, 
this still falls within the acceptable average range of 
< 10–20% [33], as it recorded variations of 10.5%, 
9.3% and 11.9% for houses 1–3, respectively.  
 

Figure 4: Actual monthly electricity usage v. DesignBuilder 

 
 
3.2 Comparative analysis of the experimental roof 
performance 
 
Cool and green roofs  

Cool roof materials have higher reflectivity and 
lower absorptance compared to conventional ones. 
The specifications of the chosen cool roof product 
are listed in Table 3. Bitumen with a synthetic 
rubber modification and added styrene-butadiene-
stryrene (SBS) has higher flexibility and can 
withstand greater wind stress and temperature 
fluctuations [34]. 
 
Table 3: The selected cool roof specifications 

Material types  SBS with polyester 
reinforcement 

Thickness 4 mm 
Reflectance 0.83 
Emissivity  0.91 

 
A green roof is another design option which 

could be considered for this two-storey residential 
building. The model tested an extensive roof, as a 
structurally lighter substrate suitable for retrofitting 
existing roofs with little or no additional structural 
support; the intensive type is more suited to new 

 

constructions. The extensive green roof model 
parameters are presented in Table 4.   
 
Table 4: Extensive green roof model parameters 

Properties Value 
Thermal conductivity (W/(m_K)) 0.3 

Height of plants (m) 0.3 
Leaf area index (LAI) 5 

Leaf reflectivity 0.4 
Leaf emissivity 0.95 

Minimum stomata resistance (s/m) 50.0 
Maximum volumetric moisture 

Content at saturation 
0.50 

Minimum residual volumetric 
moisture content 

0.20 

 
In order to examine the impact of the scenarios 

on the cooling loads, as the greatest factor in 
energy consumption used to improve indoor 
thermal conditions. Figure 5 presents the cooling 
loads for each case compared to the base. The base 
had an annual cooling load of 27,878 kWh, while 
the cool and green roofs had 25,312 kWh and 
25,785 kWh, respectively. This is a 9.2% reduction 
for the cool and 7.5% for the green roof compared 
to a conventional concrete roof. 
 
Figure 5: Annual energy consumption for space cooling for 
the tested roofing scenarios 

 
 
3.3 ENVI-met micro-urban modelling  

Micro-urban modelling using ENVI-Met 
examined roof surface temperature and its cooling 
impact on pedestrian level air temperature over the 
diurnal cycle of a typical summer day. All 
simulations used the same wall material properties 
(Table 1). 
 

3.3.1 Analysis of the modelled roof surface 
temperatures over the diurnal cycle 

Figure 6 presents the simulated surface 
temperatures (ST) for the base case, cool, and green 
roofs, and direct solar radiation and ambient air 
temperature on a typical summer day. All roof STs 
followed the direct solar radiation pattern with a 
delay. The cool and green roof findings were almost 
identical. During the day, the concrete roof ST was 
close to ambient air temperature, but the green 
roof ST remained below the average ambient air 

temperature throughout; the cool roof ST exceeded 
the ambient air temperature by 1.4oC at noon. The 
base case had a higher ST during the day, when 
solar irradiation is more intense. At night, all STs 
dropped significantly due to the lack of solar 
irradiation and the sky vault radiative exchange 
cooling effect. However, the base case took longer 
to cool and had almost the same ambient 
temperature, while the cool roof ST was lower than 
the green. 

In conclusion, the cool and green roofs 
performed similarly, with small daily fluctuations in 
the STs compared to the base conventional roof. 
The smaller variations in STs against ambient 
temperatures as compared to previously reported 
variations of 8–10oC against ambient were in the 
hot climate of Riyadh, Saudi Arabia [18]; this 
variation is due to the concrete slab’s thermal mass 
being insulated from the ambient environment, 
which reduces cooling demand, and the cool and 
green roofs acting as thermal retrofit options. 
 

 

Figure 6. Comparison of STs: base, cool and green roofs 
and air temperature for a typical summer day 

 
 
3.3.2 The roof scenarios cooling effect on air 
temperature at pedestrian level 

To compare the air temperature cooling impact 
of the different roof scenarios at pedestrian level, 
air temperature was recorded by receptor 2, 
located in the centre of the model 1.2 m above the 
ground. Temperatures were averaged and plotted 
for the whole diurnal cycle (Figure 7). The cooling 
effects of the cool and green roofs were always less 
compared to the base case roof. The maximum 
reduction in air temperature was -0.95oC for the 
cool roof at 12pm against -0.72oC for the green roof 
versus the conventional. From 8am to 3pm, the 
average reduction in air temperature was -0.8oC for 
the cool and -0.6oC for the green. After 3pm, the 
cooling effect of the green roof averaged -0.6oC 
compared to -0.4oC for the cool (Figure 8). This may 
be due to the properties of the roofs, since high 
albedo reduces stored energy but the concrete roof 
absorbs more daytime heat and releases it at night. 
The green roof is a radiant flux absorber aided by 
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daytime evapotranspiration; post-sunset, the lack of 
photosynthesis means evaporation only occurs in 
the substrate layer [35]. 

 
Figure 7. Simulated air temperature difference of cool and 
green roofs v. base at 1.2 m above ground level 
 

 
 
Figure 8. Simulated air temperature for the cool roof 
scenario 3pm local time 
 

 
 
4. CONCLUSION  

This study sought to improve the energy 
efficiency of a two-storey prototypical house in the 
extreme hot arid climate of Bahrain. A building 
model was developed to assess the impact of cool, 
green, and conventional concrete roof 
characteristics on both energy demands for cooling 
and any subsequent positive impact on outdoor air 
temperature at street level. The key findings of the 
building energy and micro-urban simulations are: 
▪ Building performance simulation predicted a 9.1% 

reduction in the cooling load for the cool roof 
compared to 7.5% for the green roof against the 
conventional insulated concrete roof. This 
concurs with [36] in that the fewer radiative flux 
absorptive layers the roof has, the lower the 
cooling load and potentially higher the heating 
load;  

▪ The surface temperature of the cool and green 
roofs closely followed ambient air temperature. 
The green roof surface temperature remained 
below the average ambient air temperature 
throughout, while the cool roof exceeded the 
ambient air temperature by 1.4oC at noon; 

▪ The average surface temperature was 31.5oC for 
the cool roof and 31.3oC for the green roof 
compared to 40.2oC for the conventional roof; 

▪ For the micro-urban environment at pedestrian 
level around buildings using cool or green roofs, 
ambient air temperature slightly decreased by an 
average of 0.8oC and 0.6oC, respectively, 
compared to the conventional roof during peak 
solar radiation. Although the cool roof was better 
at reducing pedestrian level air temperatures by 
only 0.8oC, further studies using ‘super cool’ 
materials with higher albedo and emissivity (both 
above 0.95) may lead to further reductions in 
ambient urban outdoor temperatures. Moreover, 
reduced maintenance costs and irrigation 
demands in a desert climate are required to 
maintain the green roof. 
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ABSTRACT: The paper presents a method and connected tools useful to support regenerative design activities in 
an urban area. In particular, the insights presented in this paper are part of a research funded by the 
Department of Architecture and Urban Studies of Politecnico di Milano, aimed at developing a game that can be 
used by students and local public administrations (Rogora, 2020). The aim of the game is to develop 
improvement scenarios oriented towards local self-sustainability and functioning regeneration of local natural 
ecosystems. The proposed method is divided into the following steps: (1) Recognition of free data that can be 
processed through GIS and referred to the local urban context. (2) Mapping of energy, carbon and water flows, 
in particular: imported energy and material flows, energy and material flows available locally, energy and 
material flows exported from the local reference context. (3) Mapping of specific indicators able to support 
strategies consistent with the main goal functions of a natural ecosystem. This paper focuses on the potential 
use of Free and Open Source (FOS) GIS and open data in order to develop support maps for regenerative design 
processes. 
KEYWORDS: regenerative design, FOS GIS, solar mapping, carbon balance, water balance. 
 
 

1. NOTES ON REGENERATIVE DESIGN 
With Regenerative Design (RD) (Pedersen Zari, 

2018) we refer to a type of design oriented towards 
energy and material sustainability, characterized by 
an improvement approach on the functioning of 
natural ecosystems that interact with the territorial 
metabolism associated with the project.  A 
regenerative design approach involves knowledge 
of: 

 - The general features of the ecosystem in 
which the territorial metabolism activated by the 
project is located 

- The main players in the system. 
- Consequently the flows of energy and matter 

exchanged between them. 
     RD, starting from the awareness of the 

strategies normally used by a natural ecosystem in 
evolutionary process (goal functions) (Fath et al., 
2001), is mainly oriented towards the integrated 
design management of the main dynamics that 
characterize the territorial area of reference with 
the twofold objective:  
- Maximize the amount of local solar energy useful 
for carrying out work (Odum, 2006), in the specific 
case of the anthropized environment, useful for 
carrying out the main activities that characterize the 
local territorial metabolism, reside and work, 
nourish and clean, transport and communicate 
(Baccini, Brunner, 2012). 
- Ensure an maximize matter circularity. In fact, the 
inclusion of anthropogenic dynamics in natural 
dynamics implies the maintenance of the balance 

between the flows and stocks of production and 
consumption. In particular, the actual development 
phase of the game is aimed at providing useful 
information to transfer such strategies to 
regenerative design initiatives in existing 
neighbourhoods. This paper focuses on the 
potential use of Free and Open Source (FOS) 
Geographic Information Systems (GIS) and open 
data in order to develop support maps for 
regenerative design processes, laying the 
foundations for a Design Oriented Georeferenced 
Database (DOGD). 
 
2. METHOD  

The proposed method is divided into the 
following steps: 
- Recognition of free data that can be processed 
through GIS and referred   to the local urban 
context. 
- Mapping of:  
● imported energy and material flows, 
● energy and material flows available locally 
● energy and material flows exported from the 

local reference context. 
Attention is paid to the main dynamics exchanged 
between the nodes of the local urban system 
(energy flows, carbon flows and water flows) 
(Chrisoulakis, 2015). 
- Mapping of specific indicators able to support  
strategies consistent with the main goal functions 
of a natural ecosystem. 

 

The paper summarizes some of the results of 
applying the method to a portion of the urban 
fabric of the Corvetto district in the southern part of 
Milan. 
 
2.1 Free Open Source FOS GIS 

The current development of the open source 
software allows to carry out operations of equal 
complexity compared to the proprietary sw and at 
the same time gives the possibility of using complex 
data even to actors who cannot purchase a 
proprietary sw such as local administrations, 
especially minor ones, and designers who are not 
directly involved in urban planning.  These tools 
represent an important opportunity to process and 
communicate information to support decisions 
aimed at both planners and local administrations. 
The open source feature of these tools allowed the 
creation of specific institutions and related websites 
that report news relating to the current level of 
development of such tools, such as the Open 
Geospatial Foundation (https://www.osgeo.org/). 
Among the open source GIS tools made available, 
the elaborations of this work used Quantum GIS 
(https://www.qgis.org) and GRASS-GIS 
(https://grass.osgeo.org). 

 
2.2. Available Open Data  

The elaborations presented in this work were 
carried out on a portion of the urban fabric of 
Milan, in particular in the Corvetto district in the 
southern outskirts of the city. 
 
Figure 1:  
Portion of the area considered in this work, in brown the 
different volumetric units of the buildings (R1), in light 
brown the polygons of the various census blocks (R2). 

 
 The main georeferenced data available identify 

three main types of cartographic documentation: 
R1 - vector maps elaborated from aero-

photogrammetric surveys, which show the 
geometry of the buildings, the relative heights of 
the eaves and the different land uses  (Figure1). 

R2 - vector maps of census blocks that store 
data relating to the resident population and the 
present work activities (Figure 1). 

R3 - Lidar surveys at a resolution of 1 meter per 
pixel that add additional information to the 
geometry of existing buildings and greenery, in 
particular trees and roof geometries  (Figure 2). 
 
Figure 2:  
Lidar model of the same area, resolution of 1 
pixel/m2.

 
 

2.3. Mapping Energy Flows  
Imported energy flows 

As regards the imported energy flows, the 
available georeferenced data allow to map specific 
shape indicators that can be associated with each 
single building or a portion of the urban fabric 
identified by a census block, mapping useful 
information in order to assess the energy 
consumption of existing buildings. Starting from 
what can be read and processed through FOS GIS, it 
is possible to create specific thematic maps (TM) 
that publish significant data on the shape of 
buildings and the relationships between them and 
outdoor areas (Morganti et al. 2022) : 
• TM1 -  the amount of vertical surfaces exposed 

to the outside (Figure 3)  
• TM2 - the combination of TM1 with data 

relating to the number of inhabitants associated 
with each census blocks, makes it possible to 
map the availability of different amount of 
building surfaces per person in order to assess 
the per capita weight of building efficiency 
measures (Table 1). 

• TM3 - building shape indicators such as the 
Exposed Surface to Volume ratio ES/V.} 
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Figure 3:  
Amount of building vertical surfaces exposed 
(m2/building). 

 
 
Locally available energy 

The availability of information relating to the 
height of buildings volumetric units together with 
the data relating to the local orography allow to use 
FOS GIS to create a high-resolution Digital Elevation 
Model (Figure 4). These are raster maps in which a 
pixel corresponds to a square surface of 0.5 m side 
which represents as  gray tones the different 
heights of the buildings present in the analysed 
urban area. Starting from this model it is possible to 
represent particular urban form indicators as the 
Sky View Factor (Figure 5) and then proceed with 
the mapping of the incident solar radiation 
(Hofierka, Suri, 2002) (Figure 6, 7, 8).  
 
Figure 4:  
Digital Elevation Model of the area, 1pixel side equal to 
0,5m. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5:  
Sky View Factor map of the chosen area. 

 
 
This processing allows to create various types of 
thematic maps, for instance: 
• TM4/5 – Direct solar radiation mapping on the 
horizontal plane to associate production capacities 
with the building’s rooftop and outdoor areas 
(Figure 6, 7) (all the maps refer to the average daily 
monthly irradiation). 
• TM6/7/8/9 – Direct Solar radiation available per 
person on rooftop and outdoor areas for each 
census block. 
 
Figure 6:  
Direct solar irradiation representative of an average day 
in December (Wh/m2*day). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7:  
Direct solar irradiation representative of an average day 
in June (Wh/m2*day). 

 
 
Figure 8:  
Diffuse solar irradiation representative of an average day 
in June (Wh/m2*day). 

 
 

Furthermore, by using  lidar surveys, the 
georeferenced database (DOGD) is enriched with 
important new information such as the geometric 
configuration of the existing roofs and trees. This 
data are of fundamental importance to develop 
maps of the local renewable potential from solar 
energy.  At the current state of the study, the 
elaborations carried out on the lidar model have 
proved to be very effective in detecting the 
geometric consistency of the trees. As for those 
conducted on the roof coverings, they were found 
to be unusable due to the low resolution of the 
maps, 1pixel/m2, they require future further 
elaborations (Figure 9).  
Exported Energy 

In this case, the flows of urban waste exported 
from paper, the flows of organic and metabolic 
waste (potentially useful for the production of 
biogas), the biomass produced by the maintenance 
activities of the parks (tree pruning, for example), 
have to be taken into consideration. 

 
2.4 Mapping Carbon Flows  
Imported carbon flows 

A local carbon balance needs to complement 
information on carbon emissions with data on 
carbon storage and sequestration. In the first case, 
R1 can provide information relating to the 
extension of the green areas detected, this 
information can be enriched by integrating the Lidar 
data (R4) into the GIS by carrying out specific 
processing to calculate the volume of  trees (Figure 
10).  The mapping of solar radiation on the ground 
and on the roofs can supports the choice of 
herbaceous or tree species to be cultivated and the 
effective possibility of absorbing CO2 based on the 
available energy. Indeed, this capacity depends on 
the availability of solar energy as well as on the 
availability of water and nutrients.  
The numerical values currently adopted in the 
calculation methods proposed in the regulations of 
the Milan municipality, and used for the calculation 
of the CO2 emission,  are equal to 6 kg of CO2/year 
per square meter of green vegetated surface, and 
to 50kg of CO2/year for each tree (Comune di 
Milano, 2020). 
Locally available carbon 

This indicator refers to the quantity of woody 
biomass present. 
• TM10 - Volume of trees present in each census 

block (m3). 
• TM11 - Volume / person of trees present in the 

census block (m3/person). 
 

Figure 9:  
Direct solar irradiation during the 21st of June on lidar 
model  (1pixel/m2).  

 
Figure 10:  
Lidar map relating to tree volumes. In order to reduce the 
inaccuracies due to the low resolution, buildings have 
been eliminated from the map by using a mask increased 
by a buffer zone of 3 meters. To reduce some defects 
detected at higher altitudes, interval from 1 to 20 m from 
the ground has been considered (the white parts of the 
trees refer to volumes above 20 m). 
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Exported carbon flows 

The mapping of the energy consumption of 
buildings, if combined with information relating to 
the type of energy sources, can be used to assess 
the CO2 emissions into air associated with building 
energy consumption. The same census data can be 
used to map the amount of carbon exported as 
municipal solid waste (from organic waste to 
paper).   Another aspect in which the regenerative 
systemic design favours the implementation of 
carbon neutral strategies is related to the possibility 
of locally producing nutrients. Buildings regularly 
export nutrients in the form of metabolic waste and 
organic waste. In the second case, the local 
treatment of organic waste would provide a 
contribution to the ability of local ecosystems to 
absorb CO2 both in the soil and in the metabolic 
activity of plants (Chrisoulakis, 2015). 
• TM12 - maps of carbon flows emitted into the 

air in the form of carbon dioxide. 
• TM13 - maps on the amount of carbon and 

nitrogen emitted through organic waste. 
 
2.5 Mapping Water Flows  
Imported water flows 
The number of inhabitants and the number of 
employees associated with a production activity 
present in the census block can be used to map the 
flows of imported water 
TM14 - incoming water flows used in local 
residential and work activities. 
Locally available water 

Making this information available requires 
associating information relating to the quantity of 
rain incident monthly and annually on the roofs to 
the geometric data provided in the aerial 
photogrammetric survey relating to buildings and 
open spaces (R1). This information refers to data 
representative of the annual average and data 
relating to extreme events not representative of the 

average but representative of the possibility that an 
extreme event occurs in a multi-year interval of 
time usually 20, 50 or 100 years. In the case of the 
data referring to the monthly average, the open 
data website of the municipality of Milan reports 
the monthly average of the atmospheric 
precipitation values  (Comune di Milano, 2022). 
Rainfall was  measured in the urban area in Milan 
between 2008 and 2014, values ranging from 
January 2008 to December 2014. Data show an 
average annual quantity equal to 1006 mm, with 
monthly average values that fluctuate depending on 
the month from 50 in August to 100mm in April, 
with the exception of November where values 
around 170 mm are recorded. 

The mapping of rainwater availability makes it 
possible to use rainwater not only for irrigation but 
also to reduce the water consumption from the 
aqueduct.  To understand the precise effectiveness 
of this solution it is important to compare the 
capture capacities of roofs and waterproof open 
spaces with the mapping of water consumption per 
building. As in the case of solar energy mapping, 
starting from data concerning the climatic variables 
(in this case the pluviometry in the different months 
of the year), it is possible to enrich the database 
(DOGD) with information to support the design 
process. 
• TM15/16 - the amount of rainwater incident 

monthly on roofs and open spaces 
• TM17/18 - the amount of rainwater incident 

annually on roofs and open spaces 
Exported water 
This category includes the flows of water 
introduced into the sewer by weather events and 
by local residential and production activities. 
• Tm19 - Waste water in the sewer from 

residential activities 
 

3. RESULTS AND CONCLUSIONS 
3.1 Results and indicators 

The results illustrate how the integration on the 
same geo-database of data relating to energy, 
carbon and water flows allow the mapping of 
effective indicators, able to verify the transferability 
of good regenerative design practices, consistent 
with the main ecological goal functions. In 
particular, the indicators refer to: 

  The amount of available solar radiation used to 
perform work and specifically to meet the needs 
related to housing, mobility and food. 

Closing the cycles on a local scale, reducing the 
quantity of exported flows and increasing the flows 
that close in the census block  or in the area share 
by several blocks. 
 
Figure 11:  

 

Map of the census block associated with the table 1.  

 
 
The quantities reported in the various thematic 

maps constitute useful information to verify the 
transferability of good practices through specific 
indicators, for example: 
• Average monthly solar irradiance incident on 

the roofs of buildings and outdoor spaces used 
by the local community for housing, mobility 
or food production (data can be quantified per 
square meter of census block or per 
inhabitant) 

• The ratio between the quantity of carbon 
stored and the  emitted amount per inhabitant 
in each census block. 

• Local water balance by census blocks: Ratio 
between water used in buildings and the one  
collected from their roofs and outdoor space  
in different months of the year. 

 
Table 1:  
Some numerical values relating to the thematic maps 
described in the text and referring to three census blocks 
of the area under study (Figure 11) 
 
Thematic 

maps 
Census 
blocks 2574 2579 2580 

TM1 m2 11695 12535 11044 
TM2 m2/person 32,13 38,69 50,20 
TM3 ES/V 0,2761 0,2571 0,2840 
TM6 Wh/p*d June 

rooftops 31416 41165 48870 

TM7 Wh/per*d 
June 

outdoor 
29664 40369 60774 

TM8 Wh/per*d 
Decemb. 
rooftops 

2644 3745 4538 

TM9 Wh/per*d 
Decemb. 
outdoor 

711 419 
 

1126 

TM10 m3 25557 22203  19809 
TM11 m3/person 70,21 68,52  90,04 
TM17 liters/per*year 

rooftops 8590 11258  12910 

TM18 liters/per*year 
outdoors 14914 19193  27008 

 
The association with the census block of 

quantitative data relating to energy inputs and 
outputs, CO2 emissions and water within the same 

territorial information system allows the 
development of profitable strategies to interlace 
the dynamics activated by the various ecosystem 
actors, including human activities. The possibility of 
operating in this tran-scalar environment allows: 
• on the one hand to identify strategies that take 

advantage of the different metabolic features of 
the census blocks by identifying possible 
complementarities and therefore synergies; 

• on the other hand to verify the transferability of 
scale sensitive strategies. Associating data to 
census blocks allows to use GIS to aggregate 
values and therefore to verify the actual 
transferability depending on the extent of the 
territorial area of reference..  

 
REFERENCES  
1. Baccini, P. and Brunner, P.H. (2012). Metabolism of the 
anthroposphere:  analysis, evaluation, design. Second 
edition, MIT Press, Cambridge, US. 
2. Chrisoulakis N., (2015). Understanding Urban 
Metabolism, Earthscan. 
3. Comune di Milano (2020), Piano di Governo del 
Territorio. Piano delle regole. 
3. Comune di Milano (2022), [Online], Available: 
https://dati.comune.milano.it/dataset/ds306-
ambientemeteo-precipitazioni-mese-2008-2014 [15 
December 2021]. 
4. Fath, B.D, Patten, B.C. and Choi, J.S. (2001). 
“Complementarity of ecological goal functions”, Journal 
of theoretical biology, Vol. 208 (4), pp. 493-506. 
5. Hofierka, J., Suri, M.: The solar radiation model for 
open-source GIS: implementation and applications. In: 
Ciolli, M., Zatelli, P. (eds.) Proceedings of the Open-source 
GIS-GRASS Users Conference. University of Trento, 
Trento, Italy (2002)  
6. Morganti, M., Clementi, M., Rogora, A., (2021), Open-
Source Integrated Mapping of Urban Form and Solar 
Radiation for Environmental Design, in Sustainability in 
Energy and Buildings 2021 Littlewood J. et al Editors, 
Springer Nature, Singapore. 
7. Odum, H. T., 1996: Environmental Accounting, Emergy 
and Environmental Decision Making, John Wiley & Sons 
Pedersen Zari M. (2018). Regenerative Urban Design and 
Ecosystem Biomimicry,  Routledge, Oxon 2018 
8. Rogora, A. (2020), New Proposals for Sustainable 
Design: The Imitation Game as an Experience of Shared 
Co-design, in Sustainability in Energy and Buildings 2020, 
Littlewood J. et al Editors, Springer Nature, Singapore. 



AN
ALYSIS AN

D M
ETHO

DS

AN
ALYSIS AN

D M
ETHO

DS

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

332 333

PLEA SANTIAGO 2022 
Wil l  C i ti es  Surv iv e?  

 

Aerodynamic analysis of urban blocks 
Case study in open, row and vertical blocks 
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ABSTRACT: In the urban environment, the urban form has direct interference in the behavior of natural 
ventilation, mainly due to the roughness and porosity of the urban fabric. The urban form and its interference in 
the behavior of natural ventilation is explored in this article through three types of urban block: open block, 
laminar block and vertical block. Thus, the objective of this work is to evaluate how the block typology influences 
the behavior of natural ventilation, using as a study the climatic data of the city of São Paulo/ Brazil. The 
evaluation was performed using the Computational Fluid Dynamics simulation software: OpenFOAM®. The 
results indicate that the block typology that has the lowest aerodynamic impact, when using weather patterns in 
the city of São Paulo - Brazil, is the open court typology. 
KEYWORDS: Urban Morphology, Urban block, Computational Fluid Dynamics, Natural Ventilation 
 

1. INTRODUCTION  
In an urban environment, the roughness and 

porosity of the urban fabric interfere with the 
behavior of natural ventilation. In this way, when a 
solid obstacle is inserted, such as a building, natural 
ventilation undergoes changes (Adolphe, 2001; Gan 
& Chen, 2016; Oke, 2006; Ratti et al., 2006). 

Roughness is understood as the “roughness” of 
the urban environment and Romero (2000) reveals 
that the variation in the heights of the built-up 
masses in the city are fundamental for 
understanding the displacement of air masses in the 
intra-urban layers. 

Oliveira (1993) conceptualizes porosity in the 
urban fabric as the permeability of the urban fabric 
to the penetration of winds. In other words, the 
flow within the city, which can be different due to 
the direction of the wind flow. 

Changes in flows caused by buildings occur 
mainly with the presence of recirculation zones 
behind tall buildings, which are called wake effect, 
which affect not only the building, but also affect 
the health and air quality of the neighborhood. of 
the Building (Oke, 2006; Ratti et al., 2006). 

Several factors of urban morphology modify the 
flow zones in an urban area. For Azizi and 
Javanmardib (2017) and Guo et. al. (2017), the main 
factors are the height of buildings and the width of 
adjacent roads. According to the authors, strategies 
such as the use of natural ventilation channels and 
the variation in the height of buildings can improve 
the performance of urban ventilation. 

In this article the studies considered the 
aerodynamic analysis in the Urban Canopy Layer 
(UCL). In this case, the buildings positioned close to 

each other shape the airflow in the urban 
Roughness Sublayer (RSL) and, particularly, in the 
UCL layer. Such aerodynamic conditions strongly 
affect the wind (Merlier et al., 2018). 

The analysis of aerodynamics in conjunction 
with the analysis of urban morphology in the UCL 
layer is important; because urban morphology 
mainly refers to the smallest scales of urban spatial 
analysis: neighborhood, block and building, which 
correspond to micrometeorological scales in urban 
physics. In addition, when compared to neutral 
atmosphere, the air change rate per hour and air 
quality in the UCL decreases by half in the inversion 
condition (Jing et al., 2021; Merlier et al., 2018). 

Thus, for this article, the aerodynamic analysis in 
the UCL layer was considered, using three urban 
block typologies: open, blades and horizontal. The 
objective is to evaluate how urban morphology 
influences natural ventilation in urban centers. 

2. METHODOLOGY 
The present article is proposed from an 

exploratory approach, with the aid of satellite 
images, CAD - Computer-Aided Design modelers 
and CFD - Computational Fluid Dynamic simulators. 
The approach is divided into seven steps: 1. Data 
collection, 2. 3D modeling, 3. Mesh production, 4. 
Definition of boundary conditions, 5. Numerical 
calculation of the simulation, 6. Validation of the 
simulation and 7. Data analysis. 

2.2 Case study: Open block, row block and vertical 
block 

For the case study, three scenarios were 
selected with different block typologies: 1. open 

 

block typology with morphological data from Berlin, 
Germany; 2. row block typology, with 
morphological data from Brasília/Brazil; and 3. 
horizontal block typology with morphological data 
from São Paulo/Brazil, as shown in Figure 1. 

Figure 1: Top view of the different scenarios applied in the 
paper: open block, row block and horizontal block.  

 

The open block typology was conceived by 
Christian de Portzamparc and is an example of 
application in Berlin, used since the 20th century 
with the objective of densifying the block, without 
losing access to natural light and green 
infrastructure (Sonne, 2009). 

The row block typology was conceived in the 
modern period, where a clear division of activities 
was created in urban planning. In addition, the 
buildings were spread out in the form of columns in 
the open space, this typology being characterized 
by high density in height (Oikonomou, 2014). 

The vertical typology is the result of the block 
divided into several lots. It is a typology present in 
most large Brazilian cities, including the city of São 
Paulo, and the buildings have a high density of 
height. 

The models developed, based on the three 
analysis scenarios, were based on real urban areas. 
However, the climatic particularity of each site was 
not considered, but rather the climate data of the 
municipality of São Paulo (23.55 S, 46.63 W), with 
the objective of exploring new types of urban 
morphology for the urban fabric of São Paulo. 

2.2 Method: Computational Fluid Dynamics (CFD) 
Simulation 

The fluid dynamics simulation was performed 
with the aid of an open software, OpenFOAM (ESI 
Group, 2020). What makes it different from other 
software on the market is its collaborative and free 
nature. Therefore, it is a platform which any user 
can use and collaborate with the system. However, 
all its methods and calculations are validated and 
used in different academic spheres, from 
mechanical engineering to chemistry and civil 
construction. 

In this article, the simpleFOAM calculation 
method was performed, considering, therefore, the 
turbulent air flow. As a form of boundary condition, 
the equation proposed by Hargreaves and Wright 
was used to produce an Atmospheric Boundary 
Layer (ABL) that best mimics the characterization of 
natural ventilation in an urban environment, thus 
producing an urban gradient from roughness 
values, porosity and turbulence (Hargreaves & 
Wright, 2007). 

The methodology of fluid dynamics simulation 
was divided into four stages: 1. Pre-processing; 2. 
Setting boundary initial values; 3. Solving equations; 
and 4. Post-processing, as shown in Figure 2. 

Figure 2: Methodological process. 

 

In the Pre-processing stage, the geometry 
survey was carried out from Google Earth satellite 
images and the planning of the model analysis 
points. As boudary conditions: air velocity input 
data, 10 m/s was considered, in the characteristic 
SE direction, for the city of São Paulo/Brazil. The 
simulation was performed with the SimpleFoam 
calculation method in a stationary, adiabatic, 
incompressible and turbulent regime, using air as 
an ideal gas at 25°C. 

The following steps were developed setting 
simulation: solid geometry, modeled in CAD 
software, simplifying the geometry proposed for 
the primary volumes; mesh production, the division 
of the solid into smaller parts; the setup, where the 
variables that describe the initial system to be 
analyzed are inserted, considering the ABL 
mentioned above and, finally, the solution of the 
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equations from the input data for later post 
production and data analysis. 

Meshing is an important step of any CFD 
simulation. Mesh production is the procedure that 
breaks the analyzed geometry into smaller parts for 
analysis. The mesh was made in an unstructured 
way, seeking the production of prisms close to the 
ground and buildings to better measure the 
detachment of the boundary layer, in addition, 
tetrahedral elements were produced conforming a 
non-linear polymesh, as illustrated in Figure 3 
(Brandão & Alucci, 2010; PRATA et al., 2019). 

Figure 3: PolyMesh - Tetraédrica e prismática 

 

Finally, the solution was carried out with the 
calculation tool, solving the equations in a 
repetitive way, seeking at each interaction to 
reduce the number of residues. This repetition 
occurs due to the differential nature of the Navier 
Stokes equation, thus seeking values that tend to 0. 

In addition to the residuals, a physical stability of 
the analyzed variables is required. As a comparative 
parameter, the air velocity was indicated at a 

central point of the models where the pressure 
incident on the windward face of the buildings was 
analyzed. 

For the analysis and validation of the simulation 
results, only simulations with residuals smaller than 
10e-4 and with a physical stability of less than 5% 
between simulations were considered (NASA, 
2021). 

In addition, in a qualitative way, the 
aerodynamic effects provided by the analyzed 
geometries were observed. Buildings with less 
impact on the natural path of the winds and that 
collaborate with the non-stagnation or recirculation 
of urban ventilation were sought. In this way, it is 
expected to provide greater salubrity in areas 
outside the buildings. 

3. RESULTS 
The value used for the morphological 

comparison of the blocks was the H/W, which is 
calculated by the width and height, with the width 
referring to the street and sidewalks and height to 
the building template. The H/W value in the canyon 
calculated from the open block is 0.48; of the row 
block typology is 1.09; and the vertical block 
typology is 0.80. 

Results of wind speed (m/s) at different levels in 
the urban fabric and pressure (Pascal) incident on 
vertical obstacles of each typology were analyzed. 
Figure 4 shows the air velocity results obtained in 
the three types of analysis. 

Figure 4: CFD simulation results for wind speed of the three block typologies  

 

Regarding the wind speed, the urban canyons 
illustrated by Figure 4 present turbulence variations 
found in the simulations, where: A - represents air 
recirculation zone; and B - represents wake region. 
The cut where they are represented represents the 
critical points of each scenario, therefore 
considering the worst possible situation. 

Table 1 presents air velocity data at three 
heights in the urban canyon: at pedestrian level (h = 
1.50 m), at the center of the canyon and at the top 
of the canyon (top of buildings). This division is 
based on the need to analyze in three dimensions 
the aerodynamic effects of the proposed scenarios. 
Thus, it is possible to determine the impact at the 
pedestrian level, in the middle of the buildings, or at 
the building level and at the top of the buildings, 
representing the city impact. 

Table 1: Wind speed (m/s) values 
Wind Speed (m/s) 

 
pedestrian 
level (1,50 m) 

center of 
canopy 

top of 
canopy 

Open block 1.53 0.53 4.48 
Row block 5.72 7.50 8.66 

Vertical block 2.00 5.24 5.98 
Figure 4 and Table 1 show that the open block 

typology has good ventilation capacity at pedestrian 
level (1.53 m/s), which according to LDDC Lawson 
criteria represents the “Pedestrian sitting” range of 

pedestrian ventilation comfort (Murphy et al., 
2016). In addition, this typology presents little wake 
region in the leeward. 

The row block typology in this flow direction 
does not present extensive wake regions, and the 
air is channeled between the buildings with little or 
no disturbance. As expected from the simulated 
orientation, the highest H/W of this typology 
presented higher speed at the three heights 
analyzed, with a speed of 5.72 m/s at the 
pedestrian height, which means moderate wind 
speed according to the LDDC Lawson criteria, this 
speed already influences pedestrian comfort and 
dust movement (Murphy et al., 2016). 

The vertical typology has the greatest 
aerodynamic impact on the urban canopy, on the 
other hand, due to the high roughness that has 
good natural ventilation capacity at the pedestrian 
level. However, this typology does not have a pre-
established pattern at the block level, as the 
morphology is developed through lots, which have 
different sizes, which directly affects the porosity of 
the urban fabric. Regarding comfort at the 
pedestrian level, the vertical typology presents 
good natural ventilation capacity at the pedestrian 
level (2.00 m/s), which according to the LDDC 
Lawson criteria represents the “Pedestrian sitting” 
range (Murphy et al., 2016). 

Figure 5 shows the pressure results obtained in 
the three types of analysis. 

Figure 5: CFD simulation results for the pressure of the three court typologies 
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Figure 5 shows how the pressures that affect the 
façade of buildings. In the open block typology, due 
to the low porosity, higher pressures are seen on 
the windward side. As expected, the first buildings 
act as screens, reducing the wind inertia in relation 
to the inner pressures of the presented urban 
fabric. Inferring, therefore, that the large 
dimensions of the buildings, together with their low 
height, do not promote a great variation in the 
pressure gradient of the buildings, thus reducing 
the possible capacity of natural ventilation of these 
constructions. 

In the row block typology, due to the low 
porosity, higher pressures are seen on the 
windward side. With an urban fabric in which the 
buildings have a very similar height pattern, the first 
buildings act as screens, reducing the inertia of the 
wind in relation to the more internal pressures of 
the presented urban fabric. In relation to the 
pedestrian level, a channeling is promoted through 
urban canyons perpendicular to the direction of the 
wind, on the other hand, in perpendicular canyons, 
low air speed is observed. 

Finally, in the vertical block typology, due to the 
high porosity, lower pressure values are seen on the 
windward side. In the sense of simulated air, the 
aerodynamic effect of the simulated buildings does 
not suggest a great obstacle, therefore, presenting 
higher speeds in the three levels placed in this 
work. 

4. CONCLUSION 

The results indicate that in the SE orientation, 
the urban typology that has the lowest 
aerodynamic impact in the leeward is the open 
block typology, since it has a lower height of the 
buildings, H/W ratio (0.48) with greater distance 
between the buildings. 

The vertical block typology, despite presenting 
values within the comfort level for activities of low 
metabolic activity, has a greater impact on the 
urban fabric due to the high patterns characteristic 
of this typology. 

On the other hand, the open block, with lower 
speeds inside the urban fabric, does not have an 
extensive impact due to the low size of the 
buildings. In addition, the morphology of this block 
allows for a possible natural ventilation capacity 
greater than the others analyzed in this article. 

Finally, this analysis infers that the row block is 
potentially harmful to pedestrians due to its 
possible aerodynamic effects. Due to the air speed 
inferred by the simulations in pedestrian level: 
Open block 1.53 m/s, Row block 5.72 m/s and 
Vertical block 2.00m/s and considering possible 
gusts of wind, the morphological characteristics 

promote discomfort at the pedestrian level. The 
proximity of buildings promotes a channeling of the 
wind flow, as well a threefold increase in wind 
speed, possibly being harmful to pedestrians. 

For future work, it is proposed that the blocks 
be analyzed in different orientations to verify their 
leeward impacts, verifying the impacts of these 
orientations on the pedestrian level and on the 
pressure coefficient of the proposed buildings. In 
this way, it would be possible to build an assertive 
analysis in terms of the natural internal ventilation 
capacity in each typology. 
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Mind the Gap 

Bridging the void between energy policy as business and social policy 
as equality 

 

 
 
ABSTRACT: There is a gap between Energy Policy and Social Policy and the question asked by this paper is 
whether such a gap is inevitable, or might be avoidable, were energy policy to be calibrated to reflect social 
policy. Post-Covid the EU has experienced an extraordinary increase in energy cost inflation, with associated 
energy security severely eroded. The value of the case study project and research lies in the belief that with an 
increased communization of local energy sources, we can support local microgrids, balance out discrepancies in 
energy performance within architectural conservation areas and promote in society, a culture of understanding 
of energy use and disuse, attuned to the resource limits within which we need to operate. Fuel Poverty is not a 
predetermined destiny, if we regard energy reduction as a community endeavour, greater than the instigation of 
many individual heat pumps. Collective effort is always a greater resource than individual performance. 
KEYWORDS: Energy Policy, nZEB, Fabric First, Social Policy, Community Energy 
 
 

1. INTRODUCTION 
All Member States (MS) of the European Union 

(EU) have been mandated to achieve the status of 
carbon emissions neutrality by 2050. The three 
main areas of reduction for Ireland to establish such 
a nett zero carbon emissions economy, concern 
Agriculture, Transport and Energy, [1]. This paper is 
concerned primarily with operational energy in 
buildings, the regulatory control of which dates 
back as far as 1997, with the most recent iteration, 
reflected in the nearly Zero Energy Buildings 
Standard (nZEB) which was introduced for all 
buildings as and from January 1st, 2021. However, 
the race is now on within the EU toward 2030 and 
2050 emission reduction targets. There is an 
undoubtable urgency due largely to years of climate 
denial, and a lethargy of response, which one 
suspects, is due in no small part to legislators not 
having the appetite to upset either the established 
‘status quo’ framework of energy supply or for that 
matter energy demand norms [2]. 

Undoubtably traditional energy supply has been 
a win-win situation both for energy companies and 
legislators. The supply of fossil fuels has allowed 
economies to prosper, tax bases to broaden and 
lifestyles to emerge, which would have been 
unimaginable to our ancestors. However there has 
also been the darker side of energy production 
including worldwide degradation of nature, social 
inequalities expressed through abuse of indigenous 
peoples and fake climate denials. Transition periods 

allow a readjustment of the scales of life, and so as 
we progress now in striving toward 2050, the 
business of energy and the equality of social policy 
must align. This will not happen, other than through 
a specific and deliberate intention. The purpose of 
this paper therefore is to explore how such a 
deliberate intent might be framed in the context of 
how we design buildings and plan our towns and 
villages. We are on the cusp of significant change 
internationally and unless that change is framed 
and managed in unequivocally clear terms, chaos 
will follow.  

 
2. COMMUNITY ENERGY. 

A hint as to how such chaos might evolve is 
reflected in the fact that although a gradual 
improvement in energy saving and carbon emission 
reductions has been achieved in recent years, it has 
been paralleled by an equally gradual increase in 
energy use and associated costs for both electricity 
and gas. It is well observed how the ‘rebound 
effect’ and ‘comfort taking’ can significantly affect 
the carbon emissions of properties post renovation. 

Research indicates that poor instruction 
regarding optimal use of controls, reflects one 
shortfall, however the presentation of the problem 
as one requiring individual response loses the sense 
of community endeavour which would really 
galvanise energy savings.  Alex Laskey in a TED talk 
from 2013, shows how a quirk of human behaviour 
can make us all better, wiser energy users, with 

MARTIN MURRAY1, SHANE COLCLOUGH1, PHILIP GRIFFITHS1 

 

1 Department of Computing, Engineering, and the Built Environment, Ulster University, Shore Road, Jordanstown, 
Belfast, Co Antrim, BT37 0QB 

Corresponding author: Murray-M46@ulster.ac.uk 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 

lower bills to prove it [3]. Using behavioural science 
and working with utility companies across the USA, 
he designs utility bills to outline to energy users 
how they rank with their neighbours and within 
their community. The experience is that this has the 
capacity to profoundly alter people’s behaviour.  

By way of contrast in Ireland we have 
individualised the problem. We encourage people 
to turn to heat pumps and electric cars, with the 
subliminal suggestion that all can be as it was, if we 
electrify everything. We fail to highlight that our 
behaviour also must change, from the way that we 
live, to for some, where we live. The case study 
project is an endeavour to progress this message 
and create a community project with built-in energy 
equity and resilience. We need this now more than 
ever, given the precarious sources of our fossil 
fuels. Post-Covid the EU had already experienced an 
extraordinary increase in energy cost inflation, with 
associated energy security severely eroded. Russia’s 
invasion of Ukraine has ensured that energy 
inflation will be a key economic determinant for a 
significant period across our energy transition. 
What are the implications of this?   

 
2.1 Private or public? 

In recent years Ireland has initiated a series of 
citizen assemblies to address issues of social 
concern. The assembly meetings of Sept/Oct/Nov 
2017 dealing with Climate Change addressed 
thirteen questions and supported thirteen 
resolutions. It is notable that only two resolutions 
gained 100% support of the members, (others 
varied from 80% to 99% support). These particular 
resolutions unequivocally recommended that 
sustainable energy initiatives be promoted as 
community endeavours.  

The resolution recommended that the State 
take a leadership role in addressing climate change 
through mitigation measures, including, for 
example, retrofitting public buildings, having low 
carbon public vehicles, renewable generation on 
public buildings and through adaptation of 
measures, such as increasing the resilience of public 
land and infrastructure. 100% of the Members 
recommended also that the State should act to 
ensure the greatest possible levels of community 
ownership in all future renewable energy projects 
by encouraging communities to develop their own 
projects and by requiring that developer-led 
projects make share offers to communities 
obligatory, so to encourage greater local 
involvement and ownership 

Such citizenry deliberations are hugely 
important in identifying the real concerns which 
exist about placing control of energy into private 
equity control, whose sole focus is, (almost by legal 

necessity), one of providing profit for investors, an 
obligation which may at times be contrary to the 
needs of the communities they serve. Already in the 
UK various green energy companies have had to 
cease business due to ill-considered financial 
forecasting, while in Texas during an unusual 
climate event in February 2021 the grid ceased to 
function as a result of under-investment by the 
operator, in preparing for extreme winters. The 
deregulation of the American electricity market  in 
the 1990s had resulted in extreme competition in 
wholesale electricity prices, and associated cost 
cutting, which resulted in poor contingency 
preparation throughout the industry. More than 4.5 
million homes and businesses were left without 
power in the Texas, blackout, and at least 246 
people were killed directly or indirectly. What is 
perhaps of even greater concern regarding 
resilience of energy supply, is that during the Texas 
disaster, some energy companies made billions in 
profits, while others went bankrupt [4].  

In Ireland where the percentage of the 
population over 60 is expected to double from 16% 
to 32% between 2011 to 2050, and where fuel 
poverty is one of the highest in Europe, all citizens 
need to be assured that access to energy is possible 
at a reasonable cost.  However, it is difficult to 
conceive of a community energy resilience being 
readily achievable if we fail to structure our energy 
policy to parallel social policy. Energy policy as 
business and social policy as equality are on 
divergent pathways and the social equality gaps 
identified by Piketty, Klein, Christophers et al. [5] 
have exposed the harsh reality that the future 
control of energy will reflect itself also in the future 
control of wealth and influence, unless we take 
specific actions against that reality arising and 
bridge that void.  

The void to be bridged is really one of a 
philosophical outlook, one which reflects on the 
one hand, an neo-liberal viewpoint that determines 
energy as an asset to be exploited for maximum 
profit, or on the other hand, a socially centred 
viewpoint which would view energy to be like water 
or food or shelter, a basic human right. For a 
neoliberal mind-set this is perhaps nothing less than 
a profound philosophical change of outlook.  

 
2.2 Another industrial revolution 

At the launch of the UK’s press release detailing 
their path to net zero emissions by 2050, (19th 
October 2021), both the Prime Minister, Boris 
Johnston and Kwasi Kwarteng, the Business and 
Energy Secretary, referred to the great ‘green 
industrial revolution’. Mr Kwarteng went on to say 
that ‘today’s plan will not only unlock billions of 
pounds of investment to boost the UK’s competitive 
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advantage in green technologies, but will create 
thousands of jobs in new, future-proof industries – 
clearly demonstrating that going green and 
economic growth go hand in hand’ Clearly this is 
energy policy as business first and central. Equally it 
would seem to display a rather benign concern as to 
the whole concept of ‘Industrial Revolution’, with 
no hint of irony as to the reality of where the last 
industrial revolution got us.  

The concept of green growth is highly 
problematic, and many literatures argue that it is a 
fundamental contradiction in terms [6]. To 
understand if going green and economic growth can 
go hand in hand, the EU has instigated a taxonomy 
for sustainable activities which will help to create a 
commonality of sustainable definitions. Perhaps the 
most notable aspect of the taxonomy is the 
intention to set the performance level of buildings 
10% above the current nZEB standard.  

All literatures reflecting post occupancy 
evaluations concur that in Northern European 
countries, where moderate heat is required, the 
better the fabric standard the closer the final 
energy use reflects predictive use. This is important 
for overall planning and would therefore suggest 
that the green revolution required is one of 
renovation skill sets, and an energy approach which 
is passive in lieu of active, [7] where fabric first 
becomes the first fuel source in line with the EU 
“energy efficiency first principle”.  
3.0 COMMUNITY ENERGY.  
This paper derives from research related to a 
mixed-use, low-rise construction project located 
within the backhands of a mid-sized town in Ireland. 
The project design is premised on creating an 
energy-plus development and to investigate how 
optimal energy performance can be utilised to 
support the concept of community energy, energy 
generated on the consumer side of the meter for 
use by the consumer in as efficient a way as 
possible.  
         This is an energy system that is (i) bottom up 
and community driven, is (ii) regenerative and 
therefore resilient. Finally, it is also (iii) 
interdependent with the grid, both supporting it, 
and in turn be supported by it. In such a way the 
traditional consumer becomes served by a smart 
metering infrastructure which if the ‘policy-will’ is in 
place, will support a community of ‘empowered 
prosumers’, as opposed to ‘beleaguered 
consumers’.  
3.1 Follow the money 
Energy policy at present does not support 
community endeavour and certainly not 
empowered prosumers. Part of the problem which 
is now upon us is the very limited timescale within 
which we must decarbonise energy. For a Northern 

European climate all the literatures tell us that 
where energy prices and interest rates were 
(historically) low and stable, then cost optimality 
solutions to creating low energy buildings, favour 
more active solutions to reducing energy. We 
therefore have an ‘active’ legislative policy which 
promotes a plentiful of heat pumps and PV 
installations without real concern for fabric. In 
renovation this is hugely problematic as poor fabric 
and airtightness will lead to sub optimal use of heat 
pumps and therefore excessive energy bills. 
      Fabric aside, governments across Europe see the 
low carbon electrical grid as the optimal solution. 
This may relate to a belief that by moving everyone 
currently purchasing fossil fuels, onto the national 
power grid, they can also transfer all of the hidden 
fossil fuel taxation onto the electricity system. They 
can then subsidise significant industrial scale wind 
and solar installations to green the grid to 100% 
renewable energy, and consumers will still purchase 
their energy as usual. These are lost opportunities.  
       Hone Revolutionary Energy make this point 
clear across their webpage. Their calculations point 
again to the fundamental weaknesses of poorly 
performing buildings relying on heat pumps to meet 
their energy needs. If such heat pumps operate 
inefficiently then their electrical loads increase and 
comfort taking creates significant costs for the 
electrical consumer [8].  
      A Central Statistics Office (CSO) report from 
August 2019 revealed that Ireland’s overall carbon 
emissions equated to 13.3 tonnes of CO2 per capita, 
making Ireland the third-highest carbon emissions 
producer in the EU, after Latvia and Estonia. Social 
change therefore will not just be confined to 
reducing home energy use but rather is a challenge 
to our entire lifestyle which is carbon intensive. If 
we are to follow the money, then it is obvious that 
altering such a carbon intensive lifestyle will 
therefore need to create profound change, not least 
being in the way governments collect and 
redistribute monies through taxation.  
3.2 Altered patterns of taxation.   

It is inevitable that energy transformation will 
also give rise to a tax transformation. As fossil fuel 
supported energy produces significant amounts of 
tax revenue every year, this revenue will need to 
transfer over the course of the energy transition to 
alternative forms of energy production, albeit 
nuclear or renewables. The volume of commerce 
involved, indicates the ‘gravy-pot’ which the 
electrical grid will become. In 2019, the UK 
exchequer took in £27.57 Billion on petrol and 
diesel fuel duty alone, with another £12.84 Billion 
on VAT related to petrol & diesel sales, all together 
totalling £40.41 Billion or c. €46.87 Billion. 

 

In Ireland the Irish Exchequer receives circa €5 
billion annually in tax receipts from motor, fuel, and 
carbon taxes (prior to the pandemic). Full 
‘electrification’ of the national fleet of vehicles will 
put a signification proportion of these revenue 
streams at risk unless there are changes to the 
structures of these taxes. Separately motor taxation 
raises almost €1 billion for the Irish State annually. 
If you now add other recurrent taxes related to the 
national gas grid, power generation, industrial use 
and current residential use, (i.e. all the other fossil 
fuel consumption that they collect taxation on), one 
can quickly see how important tax-wise it will be to 
create a ‘controlled’, market for domestic heat 
pumps and electric vehicles (EV) as fast as possible.  

The problem however for domestic consumers 
is that the highest value use of a kW will determine 
the benchmark value for overall electricity use. 
Currently kW use within electric cars sets this 
highest value. The replacement value of a kWh of 
electricity used within an EV in lieu of a diesel car 
running at 50 miles to gallon, is close to 55 cents, 
substantially more than the default value of 15 
cents being touted as the buyback value to the grid 
and twice the value of electricity as sold currently 
via the network. In these circumstances it seems 
inevitable that electricity costs will increase 
enormously in the next few years. 
4.0 INTERGENERATIONAL OBLIGATIONS.   
Perhaps the best known and used definition of 
sustainability had been that emanating from the UN 
sponsored Brundtland Commission (1987), which 
stated it as “meeting the needs of the present 
without compromising the ability of future 
generations to meet their own needs.” In the 
intervening 35 years many of the parameters which 
might have framed that definition have changed. 
Our present needs have if anything, become 
inflated, while the needs of our future generations 
have been actively deflated by the wonderful 
economic tool of ‘discounting’. However, it is 
beyond dispute (as the definition above claims), 
that real equitable and sustainable social policy 
across the entire energy transition period, must 
take consideration of future generations.  

In his seminal book, The Good Ancestor, Roman 
Krznaric [9] considers how intergeneration justice 
might be supported by reviewing our understanding 
of ‘financial discounting’. Through discounting, we 
value resources today greater than those located at 
some future time, and this valuation is reflected in 
the discount rate. In such a way discounting acts as 
a form of colonialisation, not of countries, but of 
the future. While economic discounting is used 
widely in economic calculations such as cost 
optimality, (as if it were bounded by science), it is in 
fact according to the Nobel prize-winning 

economist Amartya Sen deeply driven by value 
judgement, and this should be a matter for public 
deliberation. If we are on the cusp of an energy 
transformation, then our obligations to the future 
generations might well be guided and tempered by 
reference to the scale of those unborn generations.  

Looking 50,000 years back and forward and 
assuming current birth-rates remain constant, then 
the dead represent 100 billion, the living represent 
7.7 billion and the generations to come, reliant on 
our strategic decisions today and the wisdom 
underlying them, represent 6.75 trillion [9]. 
5. AN ENERGY TRANSITION PROJECT 

In this light, the value of transition projects will 
undoubtably lie in their ability to support local 
microgrids and the communization of local energy 
sources. The development case study consists of a 
mixed-use, low-rise development of three campus-
style buildings (492m2) located on a 600m2 back-
lands urban site, located within an Irish country 
town. The research highlights the importance of 
such sites in the revitalisation of our towns and 
villages and as operational fulcrums around which 
the patterns of a low carbon lifestyle will mature. 
       Because the project is intended to be ‘energy-
plus’ it is also an investigation of the interface which 
almost by default has evolved between our large 
energy suppliers on the one side, and the end 
user/prosumer on the other. The fossil fuel 
generation of electricity is a system unchanged for 
over 100 years, the consumer relationship and the 
financial profile of distribution costs are well 
established. Transitioning will change this. Fossil 
fuel generation stations will function at reduced 
capacities and (in)efficiencies, consumers will need 
smart metering to control their energy costs and 
allow for energy management on the smart supply 
side of the meter. The design principles of the case 
study site are encapsulated in the Figure 1 below: 
Figure 1: Formatting optimal low-energy building(s) to 
support the realisation of communal energy. 
 

 
 
5.1 The case study 

The case study site is set within an architectural 
conservation area with adjoining buildings carrying 
high architectural and social heritage value. As an 
energy plus development it can contribute to the 
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balancing out of discrepancies in energy 
performance across such a diverse collection of 
architecturally protected structures. By location 
within a town setting, it can also promote in society 
at large, a culture of understanding of energy use 
and disuse, attuned to the resource limits within 
which we need to operate. 
Figure 2: Overview of case study site. (Three storey 
building located to foreground, LHS). 

 
5.2 Energy systems 
       Energy use is defined by systems. The purpose 
of the case study is to expand our concept of such 
systems. The closed system underlying the historic 
fossil fuel generation of energy is now defunct and 
the model we need now is one of communal 
energy, distributed through smart metering and 
system sizing to ensure maximum self-absorption of 
renewable energy (RES) generated on site. The 
buildings themselves have been designed to the 
Passive House Plus standard which creates surplus 
energy to be disposed on site, via EV charging, 
battery storage and communal heat pump 
operation which allows heat also to be shared 
across boundaries.  
        Optimal resource allocation would suggest that 
any such new buildings must be capable of long-life 
use, requiring loose-fit design, using low-embodied 
carbon materials and capable of future reuse, 
flexibility, and resource circularity. To facilitate this 
scenario, the buildings are designed in section, and 
plan to be capable of a variety of uses from 
residential, to office to commercial use, (Fig. 3).  
 
Figure 3: Three storey building reflecting the potential for 
a variety of uses across the three levels. 
 

 

The Roadmap for the Global Energy Sector, 
(2021) by the International Energy Agency (IEA), 
sets a clear pathway for achieving a warming limit 
of 1.5oC. It categorises the necessity for buildings to 
be brought forward into a condition of ‘zero-
carbon-ready’. It defines this term as a building 
which is ‘highly energy efficient’ and which either 
uses renewable energy directly or utilises an energy 
supply that can be fully decarbonised, such as 
electricity or district heat. This elusive metric, by 
which a building is deemed ‘highly energy efficient’ 
is at the core of this research and case study, as by 
its very definition, we may economically favour 
either (i) the modus operandi of the energy 
supplier, or alternatively (ii) the energy 
conservation of the energy consumer. This decision 
is now ours. 
 
5.3 Energy substitution 

Today the emphasis on reducing operational 
energy only, has evolved into an expanded 
awareness of embodied carbon and the 
recalibration of the distinct advantages of 
renovating buildings, over their removal. Equally a 
well performing fabric, either new or refurbished, 
buffers against significant variations in 
temperature, allowing an improved capacity for 
energy storage potential, particularly if combined 
with PV installations, such as those exemplified by 
PH ‘Plus’ and PH ‘Premium’ models of operation. 
Such an approach favours the energy consumer. 

The literatures related to the potential of PV 
installations combined with battery arrays and EV’s 
have also shown how the relationship of the nZEB 
building, to both its physical and energy context, 
has transformed from one defined by primary 
energy demand, to one which must now negotiate 
both the timing of demand, and the timing of 
supply of energy to the power grid. This in turn has 
raised the potential for greater building autonomy 
when significant storage potential is introduced 
within the energy boundary. It is this latter issue 
that brings us to the tipping point, or the leverage 
point, as defined by Diederen (2010), whereby our 
energy response must now be governed by 
resource allocation considerations primarily, [10].  
6. THE BEGINNING OF A CONCLUSION 

The case study is set within a professed 
ideological outlook, which would hold that energy is 
a social good, from which we must always look to 
protect the surplus value. The interface of energy 
use and energy conservation, as defined by the Irish 
nZEB standard has failed to bring this value forward 
because being defined by market values it is also 
defined by market solutions which are 
predominantly technological based. (The case study 

 

itself is detailed within another PLEA paper, which is 
part of the conference submission). 

Morozov (2014), uses the expression 
‘technological solutionism’ to address this modern 
phenomenon which he views critically as an 
endemic ideology that looks at complex social 
phenomena like politics or public health as ‘neatly 
defined problems with definite, computable 
solutions or as transparent and self-evident 
processes that can be easily optimized—if only the 
right algorithms are in place!’ [11]. Technological 
solutions can also tend to favour the providers of 
those solutions. By way of contrast fabric first either 
for renovation or new build requires human labour, 
the present-day cost of which usually fails to meet 
cost optimality criteria. Human labour, being that 
most renewable of energies, is ignored in many of 
the literatures reviewed, but it is undoubtably an 
energy input capable of bridging the gap between 
technological solutions and socially favourable 
ones. It also favours a greater distribution of 
income across projects and society and so in 
accordance with Figure 4 below contributes also to 
a sustainable level of economic growth, [12]. 
 
Figure 4: When it comes to assessing the potential of 
economies to sustain economic growth ‘income 
distribution’ (LHS) is the dominant influencer next to trade 
openness (3rd from left), [12].  

 
The current market appears skewed toward 

facilitating high value technological solutions at the 
power grid level, to service buildings regardless of 
their individual performance profile. The 
fundamental error appears to lie in a blind belief in 
this low carbon efficacy, created by supporting the 
supply end of the power grid and leaving the 
demand side deeply underfunded and lacking 
demand end solutions. This lack of a subsidiarity 
principle works against the possibility of the 
individual energy user becoming a prosumer, 
capable of producing power in support of the grid’s 
resilience and consuming to a level which is 
financially sustainable for individuals and 
communities at large. One EU research initiative, 
‘Enefirst’, has tried to understand the circumstances 
within which efficiency improvements might be 
shown to be most cost-effective or valuable, and 

has argued that if so, they should be prioritised over 
any investment in new power generation, grids or 
pipelines, and fuel supplies, [13]. In line with this 
initiative the case study research is also an 
endeavour to step outside this closed circle of 
standards and beliefs which have evolved to serve 
the marketplace and investigate the real metrics 
necessary for the evolution of an energy standard 
that serves both energy and social policy. Even with 
rapid deployment of renewable energy and 
efficiencies, between now and 2050, negative 
climatic consequences are virtually unavoidable. 
However, when it comes to energy we need to 
understand, the concept of value and how 
economic value is created in society, [14]. The Irish 
nZEB policy strategy postulates that cost 
determines the ultimate value of the solution. 
However, to follow Mazzucato (2018) we must 
allow value to determine the price, and we cannot 
do this unless we begin the task of pricing the real 
environmental cost of carbon, community, and 
human labour. 
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ABSTRACT: This research investigates the potential of moist porous granules as a sustainable lightweight water-
absorbing material to be used in an evaporative cooling façade module to improve outdoor thermal comfort. The 
experiments were conducted under laboratory conditions and focused on determining material properties, drying 
rates and cooling efficiency. Compared to bricks, the granules showed a weight reduction of up to 95% in the dry 
state and 83% when fully saturated with water. The amount of stored water increased by up to 123%. A high water 
suction capacity and hygroscopic characteristics proved the granules’ potential to gather and store water from 
either rain water or humid air as an alternative to active irrigation. The granules showed increased evaporation 
rates, resulting in a decrease of surface temperatures by up to 4.66 K on average compared to the ambient air. An 
alternative construction demonstrated an approach that controls the drying process naturally while increasing 
cooling efficiency. 
KEYWORDS: Evaporative Cooling, Porous Materials, Hygrothermal Characterization, Outdoor Comfort, ECFM 
 
 

1. INTRODUCTION  
Anthropogenic climate change results in a steady 

increase of hot days, tropical nights and heavy 
rainfall (Fallmann et al., 2017), affecting the quality 
of human comfort. Apart from the increase in 
temperature, the urban heat island effect 
exacerbates the situation in urban areas, as heat 
stored in buildings, anthropogenic heat and a lack of 
vegetation contribute to overheating (Yamamoto, 
2006). In order to mitigate heat stress, evaporative 
cooling is one well-tried strategy (Watt, 1986).  

Studies focusing on evaporative cooling in 
outdoor spaces have proven this approach’s high 
potential for mitigating urban heat islands. 
Broadbent et al. (2017) proved that the increase in 
humidity still improved outdoor human thermal 
comfort during heatwave conditions. While Ulpiani 
(2019) investigated the influence of mist cooling on 
the urban environment, further research focused on 
evaporation from wet porous media, including 
permeable pavements (Han et al., 2017) and a water-
retaining roof (Wang et al., 2018). He and Hoyano 
(2009, 2010) developed a passive evaporative 
cooling wall (PECW) made of moist bricks while Chen 
et al. (2015) used ceramic pipes as a medium for an 
evaporative cooling wall. Zhang et al. (2016) 
developed a porous face brick wall and exposed it to 
outdoor conditions to investigate the influence of 
moisture content on the cooling performance of 
moist bricks. A wider range of materials, including 

vegetable fibers (Jain & Hindoliya, 2013), plastic and 
cellulose (Franco-Salas et al., 2014) and ceramics 
(Abdullah et al., 2019), have been investigated in 
connection with evaporative cooling pads. A general 
distinction is made between rigid media pads, fiber 
pads and fill pads (Tejero-González & Franco-Salas, 
2021). Previous studies provide many useful 
methods and data to evaluate the perfomance of 
various evaporative cooling devices and materials.  

This research is part of a project that aims to 
develop a lightweight evaporative cooling façade 
module (ECFM). As water often is a scarce resource 
in hot arid regions, this approach investigates 
lightweight water-absorbing materials to gather and 
store water in addition to active irrigation. Following 
the example of living walls, the weight limit lies at 50-
75 kg/m², as heavier materials like bricks complicate 
practical implementation in urban areas. As a 
lightweight, water-absorbing material of natural 
origin, porous granules have potential to match 
these requirements. The goal of this research is to 
investigate the selected granules regarding their 
material properties and evaporative cooling 
perfomance. First, the material properties, including 
density, water storage capacity, water absorption 
and hygroscopicity, were determined. To evaluate 
the cooling performance, two drying experiments 
were conducted under laboratory condtions. 
Experiment I compared the selected materials, 
evaluating the evaporation rates and the resulting 

 

surface temperatures of the specimens. Experiment 
II included a different set-up, using an alternative 
construction to optimize the process of evaporative 
cooling.   

 
2. EXPERIMENTAL SET-UP 

The experiments were carried out under 
laboratory conditions at the Leipzig University of 
Applied Sciences in Leipzig, Germany, and included 
three different types of granules (Fig. 1) and one type 
of red bricks as a reference. The selection criteria for 
the granules were low weight and high porosity. The 
following materials were investigated:  

• 4-8 mm broken expanded clay (EC) 
• 2-6 mm perlite (PE) 
• 5-8 mm pumice (PU) 
• Red brick (BR) 

 
Figure 1: Specimens (perlite, expanded clay and pumice) 

 
2.1 Material properties  

The material properties were determined 
according to the respective International 
Organization for Standardization (ISO) standards. 
The following values were determined: 

• Moisture content (mass by mass u, mass by 
volume v, volume by volume ψ)  
according to ISO (2000) 

• Water absorption coefficient Aw 
according to  ISO (2002) 

• Equilibrium moisture content at RH=80 w80 
according to ISO (2021) 

• Bulk density ρbulk according to ISO (1981) 
 
It should be noted that values may vary due to 

the random and unique structure of every filling, 
which will contain different particles of varying grain 
size and shape.  

 
2.2 Drying experiments  

The drying experiments (convective drying) were 
conducted under laboratory conditions using a 
climatic chamber (Feutron KPK 200, Type 3423/17). 
To gather the required data, a scale and combined 
temperature and relative humidity sensors (Almemo 
FH A646-R) were installed. The boundary conditions 
inside the climatic chamber were set to 30°C and 
30% RH to simulate a realistic summer day in a 
temperate climate. The data, including weight, 
temperature and relative humidity, were recorded in 

time intervals of 5 minutes over a total period of 48 
hours.  
 
2.2.1 Experiment I 

The first experiment focused on the one-
dimensional drying of the selected materials, 
pointing out differences regarding drying behaviour 
and surface temperature. Prior to the experiment, 
the specimens were placed in a water bath until fully 
saturated (msat). Then, the specimens were placed in 
a box (230 x 240 x 70 mm), open on one side, to 
guarantee one-dimensional moisture transport. The 
box was placed onto a scale in the centre of the 
climatic chamber, with the open side facing upwards 
(Fig. 2). A combined temperature and relative 
humidity sensor was placed in the centre of the 
specimen’s surface to record the surface 
temperature over the defined period of 48 hours.   

 
2.2.2 Experiment II 
 For the second experiment, the same specimens 
were investigated over the same period of time, but 
the wet surface was not exposed to the environment 
directly.  The goal was to find out if the drying rates 
could be held constant to control evaporation 
naturally using an alternative construction. For the 
experiment, a small-scale prototype of the ECFM was 
used (Fig. 2).  
 
Figure 2: Experimental set-up (I and II)  

 
The ECFM consists of two parts: a smaller box 

(230 x 240 x 70 mm) open on one side and a larger 
box (300 x 260 x 130 mm). The fully saturated 
specimens (msat) were first placed in the smaller box. 
The open side was supported with a sieve cloth to 
prevent the granules from falling out. The smaller 
box was plugged into the larger box, with the open 
side facing inside the construction. To measure 
temperature and relative humidity, the ECFM was 
outfitted with six combined temperature and 
relative humidity sensors. Figure 3 shows the set-up 
and the sensor distribution. The ECFM was placed 
onto a scale in the centre of the climatic chamber. To 
minimise heat loss through conduction, the ECFM 
was additionally coated with a 100 mm layer of 
polystyrene.  
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Figure 3: Dimensions (mm) and sensor distribution 

 
3. RESULTS 
 
3.1 Material properties  

Table 1 shows the material properties of the 
specimens. The results represent the average value 
of five samples per material. 
 
Table 1: Material properties of the specimens 

 u 
(-) 

w 
(kg/m³) 

Aw 

(kg/m2*h0.5) 
w80 

(kg/m³) 
ρbulk 

(kg/m³) 
EC 0.50 152.77 0.81 0.43 305.49 
PE 2.77 250.40 5.49 2.90 90.56 
PU 0.78 274.21 2.06 5.48 351.55 
BR 0.06 122.67 5.62 0.79 1899.5 

 
Regarding the moisture content, the perlite 

granules showed the largest water storage capacity 
by mass, storing approximately four times its own 
weight. The maximum moisture content of the bricks 
was determined to be 6.46%. The pumice granules 
showed the greatest total amount of water per unit, 
storing 274.21 kg/m³. The results proved the bricks 
to be the heaviest and least efficient water-storing 
option. A decrease in total weight of up to 95.23% (-
1808.94 kg/m³) in the dry state and 83.14% (-
1681.25 kg/m³) when fully saturated with water 
could be achieved when using porous granules. The 
total amount of stored water could be increased by 
up to 123.53% (+151.54 l/m³). The bricks and the 
perlite provided the highest absorption coefficient, 
absorbing water more quickly, as in, for instance a 
heavy rainfall event. The pumice granules showed a 
high w80-value, gathering the most water from the 
surrounding humid air. Especially at night, with 
higher relative humidity values, this could help 
collect water without active irrigation.  

 
3.2 Drying experiments 

According to Krischer and Kast (2014), under 
constant conditions the drying process for capillary 
porous materials can be divided into three stages. In 
the first stage (Constant Rate Period = CRP), water 
evaporates from the material’s wet surface. The 
drying rates are constant and controlled by external 

influences. The second stage (Falling Rate Period = 
FRP) starts once the surface is dry and the plane of 
evaporation moves into the material. The turning 
point between the first two stages is called the 
critical moisture content (wcrit). In this stage, the 
drying rates decrease rapidly. The FRP is controlled 
by heat and mass transfer and therefore depends on 
the material properties. Hygroscopic materials show 
a third drying stage, reaching an equilibrium mass 
moisture content according to the boundary 
conditions. 

 
3.2.1 Experiment I  

Figure 4 shows the mass moisture content and 
the surface temperature of the specimens over 48 
hours. The drying stages according to Krischer and 
Kast (2014) are easily recognizable. After an initial 
rapid moisture loss, the curves of all specimens 
flattened. Referring to Table 1, the granules were 
able to store higher amounts of water compared to 
the bricks, with 123.53% (PU), 104.12% (PE) and 
24.54% (EC). During the 48-hour period, a total loss 
of water of 253.2 g (BR), 574.2 g (PU), 618.1 g (PE) 
and 507.6 g (EC) was measured. Compared to the 
bricks, evaporation rates increased by 126.78% (PU), 
144.11% (PE) and 100.47% (EC). Comparing the 
increased amount of moisture to the increased 
evaporation rates, the granules showed an overall 
better drying behaviour emphasized by the 
individual moisture contents of 51.51% (BR), 38.62% 
(PU), 45.80% (PE) and 23.23% (EC) (see Fig. 4). Also, 
the data showed an elongated CRP and therefore a 
time lag of the wcrit due to the higher amount of 
water stored.  
 
Figure 4: Moisture content and surface temperature (I) 

 
However, to evaluate the cooling performance, 

the measured surface temperatures must be 
considered. After reaching their low, the surface 
temperatures of all specimens increased rapidly. The 
curves of all granules, however, stabilized earlier, 
entering a constant period at lower temperatures. 
This was mainly due to the higher evaporation rates 
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that all granules provided at the beginning of the 
experiment, decelerating any further increase. The 
subsequent movement showed further differences 
between the specimens. While the bricks merged 
into a constant period after reaching wcrit, the 
granules’ surface temperatures experienced a 
second increase after the first constant period. The 
second increase was then followed by a second 
constant period that approached the respective end 
temperatures. Over a defined period of 48 hours, the 
measured results showed significantly lower surface 
temperatures for the granules. The average surface 
temperatures were calculated to be 27.57°C (BR), 
25.47°C (PU), 25.48°C (PE) and 25.34°C (EC). 
Surprisingly, the average values for all granules were 
very close. On average, the surface temperatures 
showed a maximum temperature drop of 2.23 K and 
4.66 K compared to the bricks and the ambient air, 
respectively.  

To evaluate the cooling performance, an 
approach commonly used to assess the efficiency of, 
e.g., cooling pads was applied. The saturation 
efficiency η is a ratio to set the actual temperature 
drop in relation to the wet bulb depression. In this 
case, the actual temperature drop refers to the 
difference between ambient temperature in the 
climatic chamber and surface temperature of the 
specimens (see equation (1)): 

 
η = (Ta – Ti) / (Ta - TWB)        (1) 

 
where  η -  saturation efficiency (-);  
where  Ti - surface temperature at time i (°C);  
             TWB  - wet-bulb temperature (°C);  
             Ta - ambient temperature (°C).        

 
The wet-bulb temperature (TWB) for the ambient 

climate conditions was calculated using equation (2), 
developed by Stull (2011): 

 
TWB = T * atan (0.151977 (RH + 8.313659)0.5) +  atan 
(T + RH) - atan (RH - 1.676331) + 0.00391838 (RH)1.5 

* atan (0.023101 * RH) - 4.686035 (2) 
 
where  TWB  - wet-bulb temperature (°C);  
where  T - temperature (°C);  
             RH  - relative humidity (%). 
            
Figure 5 shows the saturation efficiencies of the 
specimens over the defined period of 48 hours. The 
granules’ η-values at the end of the experiment were 
close, reaching 0.257 (PU), 0.248 (PE), and 0.269 
(EC). The bricks’ saturation efficiency was calculated 
to be 0.093 after 48 hours. Despite storing the third 
largest amount of water among the specimens, the 
expanded clay was most efficient, reaching the 
highest saturation efficiency after 48 hours and the 

highest average η-value (0.39) over the defined time 
period. The high water release of the material 
provided made the expanded clay the best choice for 
this set-up in terms of efficiency, as 66.77% of the 
stored water could be used for cooling purposes.  
 
Figure 5: Saturation efficiency (I) 

 
However, an elongated investigation period 

might lead to the total desiccation of the expanded 
clay and change the average values for saturation 
efficiency in favour of pumice or perlite, which held 
larger amounts of water at the end of the 
experiment. Overall, the approach illustrated a 
significant difference when comparing any type of 
granules to bricks, due to their high water storage 
and release.  
 
3.2.2 Experiment II  

Figure 6 shows the mass moisture content and 
surface temperature of the specimens.  
 
Figure 6: Moisture content and surface temperature (II) 

 
In comparison to experiment I, the moisture loss 

in experiment II is more linear and Krischer and 
Kast’s (2014) drying stages are not as easy to 
determine. The total loss of water was measured to 
be 210.4 g (BR), 365.5 g (PU), 387.5 g (PE) and 273.6 
g (EC). In comparison to experiment I, evaporation 
was reduced by 16.90% (BR), 36.35% (PU), 30.00% 
(PE) and 46.10% (EC). All specimens evaporated a 
significantly lower amount of water, resulting in a 
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higher individual moisture content at the end of the 
experiment, with 60.52% (BR), 60.91% (PU), 54.65% 
(PE) and 60.60% (EC).  

Regarding surface temperature, the results 
showed only slight differences on average compared 
to experiment I. The average surface temperatures 
over 48 hours were 26.98°C (BR, -0.59 K), 25.10°C 
(PU, -0.37 K), 25.30°C (PE, -0.18 K) and 25.84°C (EC, 
+0.50 K). Again, the bricks’ temperature curve was 
different from the s-shaped curves of the granules, 
which showed two increasing periods and two 
constant periods.  

To make a comparative evaluation of the two 
experiments, it was important to define the major 
experimental differences that may have influenced 
the drying behaviour of the specimens. First, the 
sieve cloth attached to the open side of the box 
added extra water vapour diffusion resistance, 
limiting mass transfer. Second, ventilation in front of 
the wet surface was reduced in experiment II. In 
experiment I, the wet surface was exposed to 
ventilation, which the climatic chamber used to keep 
temperature and relative humidity levels constant. 
The third factor was the changing climate conditions 
in front of the wet surface. While the climate 
conditions in experiment I were held constant to 
30°C and 30% RH, the temperature and relative 
humidity in experiment II varied. Evaluating the 
climate conditions at measuring point 02, the data 
showed that the relative humidity within the first 24 
hours was 21.83% higher compared to experiment I. 
The temperature during the same time was 4.53% 
lower. This also had an impact on the drying rates. In 
the first ten hours, the drying rates in experiment I 
were at around 20-25 g/h whereas in experiment II 
the drying rates were at about 10 g/h, thus 
preventing the initial rapid drying of the surface and 
great moisture loss. In the second half of the 
experiments, the rates were more similar, at around 
5 g/h.   

The maximum humidity level inside the air gap 
was 50.80%, meaning the wet-bulb temperature 
could not be reached.  This was mainly due to the 
small size of the prototype. The evaporation rates 
were too low to saturate the air in the 
proportionately large air gap while the air was 
constantly exchanged. The exchange of air through 
natural convection is illustrated by the values in 
Table 2. The data revealed differences in air 
temperatures on the inlet (00) and outlet (04) of the 
ECFM. The cool and humid air was led towards the 
bottom outlet due to pressure difference. The 
results clearly showed buoyancy-driven convection. 
The total drops in temperature seem low, as the 
maximum decrease compared to the ambient air 
temperature is 2.94 K. However, given the fact that 
the wet surface had a total area of only 0.055 m², 

evaporating around 5-15 g/h, the results are 
remarkable.  

 
Table 2: Inlet (00) and outlet (04) temperatures [°C] (II) 

t PU PE EC BR 
1 29.5/27.3 29.6/27.2 29.8/27.6 29.8/27.1 
2 29.9/27.8 29.7/27.6 29.9/27.9 29.8/27.3 
5 29.9/27.9 29.9/28.0 29.9/28.2 29.9/27.9 

10 29.9/28.1 29.9/28.2 29.9/28.4 29.9/28.7 
12 29.9/28.2 29.9/28.2 29.9/28.5 29.9/28.8 
24 29.9/28.8 29.9/28.4 29.9/28.9 29.9/29.2 
48 29.9/29.2 29.9/29.1 29.9/29.1 29.9/29.4 

 
Therefore, it can be concluded that the 

construction worked but needs modifications to the 
size of the wet layer and the dimensions of the air 
gap.  However, the idea of controlled evaporation 
was nonetheless demonstrated: the climate was 
changed due to evaporation by influencing the 
drying process and making it controllable. 
 
4. CONCLUSION 

All investigated granules showed a significantly 
higher moisture content compared to bricks, saving 
up to of 95% of the weight in the dry state and 83% 
when fully saturated. This resulted in a total increase 
of water storage of 151.54 l/m³. Increased 
hygroscopicity might also make a useful 
contribution, as gathering water from humid air can 
be an alternative to active irrigation. The 
investigated features prove all granules under study 
to be a useful alternative to wet bricks, especially if 
the water supply is limited. Their light weight 
facilitates practical implementation. The drying 
experiments demonstrated differences between 
materials and set-ups regarding cooling 
performance. Experiment I showed that the granules 
evaporated more than twice as much water as the 
bricks, resulting in lower surface temperatures of up 
to 3.23 K on average over the defined period. The 
longer-lasting saturation efficiency was a result of 
the increased amount of stored water and the 
quicker drying process. The ECFM used in 
experiment II provided a base for a controlled 
evaporation process. Through changing internal 
climate conditions, the evaporation rates were held 
constant while providing low temperatures on the 
specimens’ surfaces. The bundled cool air showed 
differences of up to 2.94 K compared to the ambient 
air temperature.  

To develop a functioning ECFM, further research 
needs to be conducted. In-situ measurements on a 
large-scale prototype of the ECFM, including solar 
radiation and wind velocity, would provide more 
detailed information about the heat and mass 
transfer within the construction. Such results would 
also help to calibrate and validate a hygrothermal 
simulation model to predict heat and mass transfer 

 

site independently under varying climate conditions. 
This might help in adjusting the dimensions of the 
module and in developing a smart irrigation system 
to achieve the best cooling efficiency for the 
respective location and orientation. The goal is to 
reflect radiation, increase thermal mass, decrease 
surface temperatures and decrease air temperatures 
in front of the ECFM through the cool air provided 
through evaporation. In a next step, a validated CFD-
simulation study will visualize these effects on the 
outdoor environment, thus predicting thermal 
comfort indices in front of the ECFM.  

Nevertheless, the results of this study legitimize 
porous granules as a lightweight, highly water-
absorbing material to provide high-efficiency 
cooling. This provides a basis for the development of 
an affordable, cooling façade module for large-
surface application. The goal of the project is to 
reach wide sections of the population in order to 
make a significant difference in improving the urban 
microclimate. 
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ABSTRACT: Climate change combined with increasing urbanisation has made cities undergo significant 
transformations, becoming the main actors in mitigating their effects. Evidence-based methodologies, smart and 
sustainable urban development planning strategies, and potential for developing synergies are recognised as key 
aspects to tackling these challenges. The Morgenstadt Global Initiative (MGI) targets accelerating urban 
transformation through conducting City Labs in model cities in India, Peru, and Mexico. Based on an extended 
urban analysis, a sustainability profile and a strategic roadmap with innovative measures and project ideas are 
developed for each city, prioritising and implementing one within the MGI framework. This research analyses the 
design process of a digital planning tool as a pilot project in Piura, Peru which involves a methodology based on 
potential outcomes, impacts and benefits contributing to the values defined in the city's vision. Furthermore, the 
relevance of performance indicators and monitoring plans ensuring urban transformation on a large scale is 
analysed and discussed. 
KEYWORDS: smart cities, evidence-based planning, impact-based design, urban strategies 
 
 

1. INTRODUCTION 
Cities are undergoing significant transformations 

and face substantial challenges due to climate 
change and constantly growing urbanisation. The 
concept of smart and carbon-neutral cities has 
emerged as a strategy focused on solutions for 
sustainable development, local adaptation, and the 
efficient use of resources. 

In 2015, the United Nations (UN) adopted the 
Agenda for Sustainable Development, known as 
Agenda 2030. This strategy includes developing 
programmes until 2030 and establishes the 17 
Sustainable Development Goals (SDGs) that will 
guide the sustainable development of the 193 
member states that have committed to its 
implementation (UN, 2015). The SDGs are defined 
with the aim of eradicating poverty, promoting 
prosperity and well-being for people, protecting the 
environment, and tackling climate change, among 
others, to ensure peace and prosperity on the 
planet. One important aspect of this agenda is that 
the global goals show relevance at all governmental 
levels, international, national, regional and local.  

 Cities play a fundamental role in the definition 
and capacity to meet these goals, as they are one of 
the primary sources of greenhouse gases (GHG) 
emissions and, therefore, represent an excellent 
opportunity for climate change mitigation (Cities 
Alliances, 2015). Accordingly, the use of reliable 
methodologies as well as new planning strategies 
around smart and sustainable urban development 
and the potential of developing synergies are key to 

tackling some of the most pressing challenges, such 
as climate change mitigation and adaptation and 
improving resource efficiency (Gregorio et al., 
2016). In this vein, the concept of “smart 
sustainable cities” has been recently proposed as a 
combination of urban sustainability and smartness, 
emphasising that both aspects should be 
considered simultaneously (Ahvenniemi et al., 
2017). 

Morgenstadt Global Smart Cities Initiative (MGI) 
is a project strengthening the development and 
implementation of sustainable transformation 
processes in model cities in India, Mexico and Peru. 
The primary objective is to mitigate the 
consequences of climate change in the pilot cities, 
increase their resilience to climate risks, and 
preserve their natural resources. 

In the last 70 years, Peru has been transformed 
into an urban society. The urban growth was driven 
by the need for housing and urban land occupation 
(Matos Mar, 1990). According to a study by the 
Inter-American Development Bank (IADB), Peru has 
the third largest housing deficit in Latin America and 
the Caribbean and squatting continues to be used 
by low-income families as a suboptimal housing 
solution (Bouillon, 2012). It produced unplanned 
horizontal growth, and large and intermediate cities 
are struggling due to the pulsing demand for urban 
development management instruments. At the 
local level, governments have limited financial 
resources to achieve their development goals. More 
than 1800 regulations governing property rights 

 

duplicate functions and are not enforced due to the 
lack of technical and financial resources (Banco 
Mundial, 2016). Yet, in 2019 only 15% of cities have 
elaborated and approved the Urban Development 
Plan (INEI, 2019).  

As part of the MGI project, a city sustainability 
profile(Fernández et al., 2021) based on a multi-
sectoral and evidence-based approach analyses the 
performance and  resilience of Piura, a city highly 
vulnerable to climate change and meteorological 
events of the El Niño-Southern Oscillation (FEN), 
causing both, floods and droughts in the city. In its 
last FEN event in 2017 more than 10,000 families 
were documented living in areas exposed to floods 
and extreme rains, representing a vulnerable sector 
of the population with limited resources. Piura is 
the fifth most populated city with around 480,000 
inhabitants (INEI, 2017) and the eighth with the 
highest urban growth in Peru, with a growth rate of 
2.3% (Zucchetti & Freundt, 2018). Urban poverty in 
the city of Piura has followed a trajectory almost 
parallel with the region, higher than the national 
average with 24.2% and 20.2% in 2019, respectively 
(IPE, 2020). Over one-third of the population has at 
least one unmet basic need, such as access to 
housing and sanitation, among others (MPP, 2015). 

The City Lab assessment focused on three main 
infrastructure sectors: urban planning, energy, and 
water, identified as those with the most significant 
potential for climate change adaptation in Piura. 
The work included the review of policies, studies, 

planning documents and city initiatives, as well as 
interviews and workshops with key local 
stakeholders and a collaboration developed by 
members of the project team.  

An important approach for supporting urban 
planning and implementation strategies is using 
roadmaps as a means to understand and build 
these complex processes. Roadmaps provide useful 
indications on how to formulate strategies, set 
priorities and goals, and translating plans into 
concrete action (Pereira & De Azambuja, 2022). In 
this context, to facilitate sustainable development 
in Piura, combining projects with a similar context 
and developing a long-term vision would benefit 
the city in achieving its sustainability goals.  

Figure 1 shows the 25 proposed measures and 
ideas and their relationship with each other in an 
integrated system roadmap aiming to address the 
identified challenges featuring concrete, innovative 
and scalable plans and projects to drive sustainable 
development in Piura. These projects have been 
designed co-creatively, considering the feedback 
and opinions received during different workshops 
with stakeholders from the public, private and 
academic sectors, as well as internal sessions with 
local project partners. To detail and refine the 
project ideas, a methodology based on the 
potential outcomes, impacts and co-benefits that 
each project could contribute to the strategic and 
sustainable urban planning Piura was employed. 

In the beginning, 35 project ideas were drafted. 
 
Figure 1: Simplified Roadmap City Profile Piura 2021. Source: Own elaboration. 
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However, some have been combined into a single 
project proposal, as they addressed similar issues. 
While most of these projects focus on specific 
challenges of the identified priority sectors, the 
projects also have great potential to help improve 
climate resilience. 

Among many other aspects related to 
sustainable urban development, the SDGs present 
the concept of data-driven governance and 
highlight the challenge to “significantly increase the 
availability of high-quality, timely, reliable and 
disaggregated data by 2030”. In agreement with 
ElMassah & Mohieldin (2020) major databases are 
recently becoming even more important. In this 
sense, countries, regions and cities should invest in 
acquiring different methods for data gathering. The 
advent of the Geographic Information System (GIS) 
has a long tradition in urban planning and created a 
field of opportunity for the development of new 
approaches to spatially referenced data, which add 
a new dimension to the management, analysis and 
presentation of information required in process 
related to decision making (Healey, 1988). 
Adequate data are necessary to identify and follow 
up with decision makers. It requires a review of 
institutional competence in dealing with 
information and data and digital transformation 
usage (ElMassah & Mohieldin, 2020). 

One of the pilot projects defined in the roadmap 
involves developing a database through a GIS 
platform to collect information and update existing 
data about the city and thus more efficiently 
manage and register cadastral mapping of urban 
areas. In this way, a digitalised and georeferenced 
map can become an instrument for improving 
urban planning according to public services, urban 
expansion and reducing the informal occupation of 
land located in vulnerable and high-risk areas. 
Furthermore, a GIS allows municipal authorities to 
improve decisions about projects based on reliable 
data. As an additional benefit, this project aims to 
ensure the transparency and efficiency of public 
processes concerning land management and 
provide reliable information on which the 
population can draw in the future. 

In this context, this research paper explores the 
definition of appropriate indicators for impact-
based project design. The objective is to explain the 
design process based on the evaluation of expected 
outcomes, quantified impacts and co-benefits of 
the pilot project in Piura. Planning the impact 
measurement of projects in advance is an 
increasingly important subject on the government’s 
agendas. In this vein, demonstrating estimated 
results in specific areas of a project opens doors to 
resources, which can be achieved through various 
investment strategies (Fedorciow, 2012). It also 

enhances the improvement potential for urban 
social and ecological conditions for its residents. 
Anchoring impact across the city's narrative, 
including monitoring and evaluation ensures 
demonstrators to excel and accelerate urban 
transformation and future urban deployments 
(Elelman & Feldman, 2018).   

The pilot project in Piura achieves several 
outcomes with a direct impact, resulting from the 
actions to be carried out within MGI, and indirect 
impacts related to the long-term goals also 
considering replication of the activities on a larger 
scale. In this context, the project monitoring seeks 
not only to use outcomes measuring the efficiency 
of the implementation but also the impact that 
contributes towards the ultimate goals such as 
environmental, economic, or social sustainability. 

 
2. IDENTIFY MEASUREMENT: IMPACT ANALYSIS, 
CONTRIBUTION OF THE PROJECT 

The broader MGI methodology consists of an in-
depth urban analysis based on indicators assessing 
the quantifiable sustainability performance, key 
action fields essential for sustainable development 
and the impact factors affecting each city. The 
roadmap illustrates the cross-cutting and integrated 
implementation of the project ideas and shows the 
complexity of the relationships between them. 

For the project implementation, outputs and 
outcomes are defined beforehand to guide the 
design process and to achieve the desired impacts 
and co-benefits. Outputs refer to the overall project 
objective, are mainly quantifiable, relate to the 
result of an activity and are a prerequisite for 
achieving the outcomes. Outcomes describe a 
target group level change enabled by the project, 
which can be verifiably attributed to it. Finally, the 
impact is the long-term objective of the project, 
referring to a change in the situation in the future 
when the specific goals have been achieved, also 
understood as a long-term ambition.  

For the definition of the long-term project 
objectives, the potential contributions are identified 
based on an impact monitoring concept (IMC) 
developed within MGI (Diaz et al., 2022). This 
approach builds on the International Climate 
Initiative (IKI) objectives (IKI, 2022) together with 
the European framework CITYkeys (Bosch et al., 
2017), framing outcomes and outputs  within a 
holistic structure for smart and sustainable city 
solutions. The possible outcomes of each project 
are measured under five impact categories, each 
having two to eight outcome indicators. The 
indicators are defined either through existing 
indicators (e.g. ISO 37122:2019 on sustainable cities 
and communities) or by creating new ones 
considering the SMART criteria of the IKI (specific, 

 

measurable, assignable, realistic and time-related) 
(IKI, 2022). Each project idea was analysed and 
detailed according to possible impacts or co-
benefits and outcome indicators, shaping them 
according to their possible contribution.  

A list of all outcome indicators related to the five 
impact categories is demonstrated in Figure 2; as 
part of the results, the figure displays the impact 
fulfilled by the pilot project. The representation 
frames the idea that each category is equally 
important and must interact with each other to 
provide sustainable integrated solutions. 
Furthermore, it aims to present the project impacts 
clearly and precisely, facilitating the comparison 
and understanding of the potential contribution of 
each one of the pilot projects. 
 
3. RESULTS 

All project ideas seek to become agents of urban 
transformation and sustainable integration, 
supporting social inclusion in vulnerable areas in the 
city. With data-based information, decision-makers 
can improve development and evaluation strategies 
to mitigate or avoid anticipated impacts. In Piura, 
different measures relate to GIS-based 
components, highlighting the importance of its 
implementation. Project-defined indicators, 
baseline values, and possible data collection 
sources were suggested to understand the 
outcomes and impacts of such a project in the city. 

 
Figure 2: Impacts categories and outcome indicators 
achieved by the pilot project. Source: Own elaboration. 

 
The pilot project in Piura will have a variety of 

outcomes with a direct impact, resulting from the 
actions to be carried out within the MGI framework, 
and indirect impacts, which are related to the long-
term goals also considering the replication of the 
activities on a larger scale. Both direct and indirect 
impacts bring with them several benefits, detailed 

in the following subchapters and highlighted in 
Figure 2.  

 
3.1 Contribution to the planet: climate resilience 
and ecosystems 

Around the planet category; the project strongly 
impacts the city's climate resilience by improving 
urban territorial planning and applying concepts of 
sustainability, resilience, and adaptation to climate 
change.  

By working on urban analysis with digital tools, 
it will minimise on a long-term the impact of natural 
catastrophes such as FEN and climate change, 
applying mitigation and adaptation measures to 
minimise their impacts. Components to identify 
elements such as the lack of green areas that cause 
alterations in the microclimate and contribute to 
the generation of urban heat islands are 
considered, so that related data can be gathered to 
understand and plan the urban ecosystems 
strategically. 
 
3.2 Contribution to people: access 

The rapid and disorderly urban growth of Piura 
has created numerous challenges. The project 
solidifies the municipality's capacity to solve the 
city's problems using a GIS tool that improves urban 
data, and information efficiency and management. 
The project contributes indirectly towards 
improving other relevant aspects for people, such 
as health, education and reduction of vulnerability 
in the long term through strategic urban planning. 
Such contributions are detailed in the co-benefits 
subchapter as they are not considered as direct 
impacts. 
 
3.3 Contribution to governance: organisation, 
multi-level of governance and community 
involvement 

Until 2022, each municipal department in Piura 
works independently, causing duplication of 
records, outdated and dispersion of information, 
parallel efforts, incompatibility of formats and 
difficulty accessing data. The project generates a 
cartographic base in a centralised municipal digital 
GIS data system, increasing efficiency and enabling 
work and data transfer between different 
departments. Georeferencing of all urban projects 
in the execution process helps city organisation, 
provides a systematic order and avoids overlapping 
of civil works of any kind. The main project 
components aim to support decision-making based 
on up-to-date systematised information and 
correlations between different areas, supporting 
the impact on multi-level governance. The 
intervention allows also working in a cross-cutting 
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manner between disciplines, thus systematising and 
efficiently managing information, facilitating the 
creation of a flexible management system with the 
capacity to integrate different information sources 
and with regular updates. 

In this vein, the project supports the efforts of 
the national government to foster GIS-based 
datasets and platforms development. Furthermore, 
it supports the idea of the city presented within its 
Metropolitan Development Plan to create an urban 
observatory for Piura. 

The generated maps are available to the public 
and citizens to involve the community, empower 
and raise citizens' interest around actual and new 
plans and projects in the city. Having the maps 
online means to have an online information 
repository ensuring transparency in public space 
decisions and building trust on the long-term within 
the community.  GIS tools allow citizens to access 
information about the city's plans and processes, 
increasing transparency on municipal activities 
towards the community. 
 
3.4 Contribution to prosperity: economic 
performance and innovation 

By avoiding duplication of efforts, the project 
has a cost-effective impact by saving time, money, 
and personnel assets in obtaining data for the 
creation of projects. This saving improves the 
management of municipal economic resources and 
performance. 

The project also enhances connectivity and 
supports innovative and environmentally friendly 
initiatives. The work and publication of urban maps 
and data through the GIS tool are designed to foster 
partnerships with business and civil society to find 
economic and social support, respectively for the 
measures proposed. 
 
3.5 Contribution to propagation: replicability and 
scalability 

The project presents a methodology that can be 
replicated in other districts of the metropolitan 
area, the region and the country, making Piura a 
model for urban transformation addressing urban 
challenges and adaptation to climate change.  

Moreover, the use of GIS tools can be scalable 
within the districts, e.g., including other digital 
platforms such as those utilised by the energy or 
water companies, or on the provincial level 
incorporating more data on neighbouring districts 
and extending its area of influence. For the 
digitalisation sector, this project paves the way for 
e-government in the region as it builds upon an 
accelerated digital transformation reinforced by the 
Covid-19 pandemic crisis. Therefore, the project 

counts with a possible expansion to other 
departments and areas inside the city 
administration and beyond.  
 
3.6 Co-benefits 

The project includes capacity-building activities 
to develop competencies and skills around digital 
and strategic urban planning, thus increasing the 
potential to solve problems and be prepared for the 
upcoming climate change challenges. In a long-
term, it is expected that the use of GIS will be 
integrated as university or school subjects, aiming 
to create a spatial understanding of data-driven 
organisation and development information and 
fundamental aspects defining project design and 
implementation organisation models.  

Furthermore, building capacities on digital tools 
would support planning a more equal and just city, 
considering the citizen’s needs, ensuring that the 
city provides basic services, health services and 
education helping and reaching the most vulnerable 
population, and preparing them better for climate 
change. To support the listed outcomes, site 
selection, suitability land analysis, transportation, 
and land use modelling are included among the 
project actions. 
 
4. CONCLUSION 

Piura is highly vulnerable to climate change 
impacts; thus, there seems to be a high demand for 
holistic and sustainable solutions. The three 
analysed sectors of the project are at the heart of 
the contemporary urban development challenges 
the city is facing. Yet, these sectors hold great 
potential for enhancing the city's resilience to 
climate change, preserving the natural resources 
and mitigating GHG emissions. 

The study contributes establishing an 
understanding of the local development demands, 
generating, and implementing strategies that 
initiate a positive transformation process to secure 
equitable, resilient, and sustainable living 
conditions for the people in Piura. However, city 
efforts should focus not only on implementing the 
roadmap, but institutionalising the performance 
measurement framework, operationalising the 
methodology for successful implementations and 
ensuring its integration with the city's climate 
change and sustainable urban development vision 
and goals. 

With the pilot project example, this study 
demonstrates the establishment, development and 
design of impact-based project ideas. The definition 
of outcomes and impacts help understanding the 
real project potential, as well as secure public and 
private sector investment and interest. Promoting 
effective communication on the implementation of 

 

sustainable urban development projects promotes 
engagement with different city's stakeholders. Key 
parties, such as donors or investors, often seek a 
return on their investment, whereas a larger group 
of stakeholders are keen to understand city’s 
progress. Once project definition based on impact 
has been successfully applied, each city also gains 
insight into performance KPIs and guidance for 
conducting assessments to measure the 
effectiveness of the implementations. 

As the areas or priority of project outcome may 
change over the years, capturing the effective 
performance of pilot projects remains crucial. 
Performance indicators including benchmarking 
support the city in understanding the results and 
disseminating them to the public in a better way. It 
allows a competitive advantage over other cities 
without impact measurement as part of their action 
plan. Following project design, it is recommended 
to identify which projects will be implemented in 
the short and long term, prioritising them in terms 
of expected outcomes and impacts, as well as their 
contribution to sustainable urban development and 
climate adaptation and mitigation. 
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ABSTRACT: Using relevant cases from Lisbon Metropolitan Area (Portugal), the article offers a systematized 
perspective on the way how public space qualification projects developed in the past twenty years meet climate 
change adaptation guidelines currently used as reference, in order to identify gaps and potential for future policy and 
design. Using Lisbon Metropolitan Area Climate Change Adaptation Plan (PMAAC-AML, 2019) as the framework in 
which key territorial risks and vulnerabilities and prioritary adaptation measures are defined, the article is organised 
in two methodological steps: 1) a quantitative assessment of climate adaptation measures present in LMA’s public 
space qualification projects, highlighting their distribution in type, location and preponderant measure; 2) a selective 
focus on seven projects in which specific measures are present, to underline their spatial integration both in local 
fabrics and in a wider (sub)metropolitan scale. Its contribution lies in the confrontation between public policy aims 
(the project’s rationales and their spatial configuration) and recent adaptation guidelines (priority domains, planning 
guidelines, risk territories). These results can provide a basis for policy assessment and steering, particularly at the 
metropolitan level, in which sectoral integration and multi-level governance are intertwined. 
 
KEYWORDS: Public Space, Climate Change, Urban Policy, Adaptation, Lisbon 

 
 
1. INTRODUCTION 

Using relevant cases from Lisbon Metropolitan Area 
(LMA), Portugal, the article offers a systematized 
perspective on the way how public space qualification 
projects developed in the past twenty years meet 
climate change adaptation guidelines currently used as 
reference, in order to identify gaps and potential for 
future policy and design. This assessment is developed 
as part of MetroPublicNet [1], an ongoing research 
project aimed at exploring the experience of public 
space qualification projects in LMA since 1998, with a 
critical insight into their rationale, aims and results, and 
their emergent contribution towards a future 
metropolitan public space network. MetroPublicNet 
gathered information on over 900 projects delivered in 
the past two decades, allowing for systematic a multi-
entry approach to the spatial transformation triggered 
around recent public space interventions. 

One of the areas in which urban policies have 
triggered significant change in LMA in the past two 
decades has been the upgrade of public space in its 
relationship with urban regeneration, promotion of 
sustainable mobility and environmental qualification 
and resilience. Considerable amounts of national and 
EU public funding have been assigned to develop a 
wide array of urban and territorial projects with direct 
impact in the structure, use and spatial quality of public 

space. Planning and funding rationales used to justify 
these investments have included several issues directly 
connected with climate change adaptation such as 
flood prevention and stormwater management, green 
space and urban vegetation development, coastal 
protection and dune regeneration. Mitigation has also 
been widely present especially in what concerns 
promotion of sustainable mobility and walkability. 

Nevertheless, a comprehensive assessment of these 
investments in terms of climate change adaptation 
impact in the urban structure is still missing, especially 
at the metropolitan level. This lack of assessment is 
partially the result of a multiplicity of processes, actors 
and tools through which public space projects are 
conceived, funded, delivered and assessed.  

As a contribution to this gap, this article provides a 
systematized interpretation of this two-decades long 
process of public space qualification in LMA, under the 
lens of climate change adaptation, using Lisbon 
Metropolitan Area Climate Change Adaptation Plan 
(PMAAC-AML) [2] as a conceptual framework. 

PMAAC-AML was drafted by Lisbon Metropolitan 
Area and has been approved in 2019, identifying the 
key territorial risks and vulnerabilities and the priorities 
and recommendations for implementing adaptation 
measures. This plan pioneered a comprehensive and 
multi-actor vision for the metropolitan level, thus 

 

 

providing a relevant reference for discussing the results 
of public space interventions in what concerns climate 
change adaptation. PMAAC-AML identifies four priority 
domains for adaptation in LMA: 1) high temperatures, 
2) sea level rise, 3) droughts, 4) flooding. For each 
domain, specific strategic objectives and adaptation 
actions are identified. Besides a transversal framework, 
the plan suggests intervention in nine sectoral agendas: 
Agriculture and forests, Biodiversity and landscape, 
Economy, Energy and energy security, Water resources, 
Health, People and property security, Transport and 
communications, Coastal areas and sea. Such holistic 
approach goes beyond the scope of MetroPublicNet’s 
focus on public space, defining a research boundary on 
one hand, and a potential field on the other: public 
space is just one of the many areas where climate 
change adaptation is necessary and relevant, with many 
of the guidelines falling beyond of this research scope; 
nevertheless, a comprehensive understanding of the 
adaption challenges opens news paths for public space 
development, entangling it with complementary fields 
(i.e. agriculture, coastal and wetland management, 
drainage infrastructure, etc.). 

Additionally, one of PMAAC-AML’s transversal 
recommendations is to establish a metropolitan 
network of green infrastructure and a network of green 
and blue corridors. This approach is fully aligned with 
MetroPublicNet’s central hypothesis and argument that 
metropolitan perspective on planning public space can 
provide better integrated, robust and cohesive 
responses to the challenges of environmental 
resilience, low-carbon mobility and territorial cohesion. 

 
 
2. THE RESEARCH STRUCTURE: THREE TERRITORIALZED 
PERSPECTIVES ON PUBLIC SPACE AND ADAPTION 
ACTIONS IN LISBON METROPOLITAN AREA 

The research followed six methodological steps: 1) 
identification, mapping and data-gathering regarding 
public space projects delivered in LMA, as the core of 
MetroPublicNet geo-referenced database; 2) 
systematization of public space intervention types (i.e. 
streets, green spaces, waterfronts); 3) cross-referencing 
of types and individual projects with the PMAAC-AML 
priority domains and adaptation actions guidelines, 
assigning those attributes to each project; 4) 
quantitative assessment and mapping of climate 
adaptation measures present in LMA’s public space 
qualification projects, highlighting their distribution in 
type, location and preponderant measure, using GIS 
tools; 5) a selective focus on seven projects in which 
specific measures are present, to underline their spatial 
integration both in local fabrics and in a wider territorial 

scale, under the argument of a metropolitan network 
rationale; 6) discussion of results and conclusions. 

 
2.1 A typological systematization of adaptation-

oriented public space projects 
Using MetroPublicNet geo-referenced database, the 

alignment of each project with PMAAC-AML guidelines 
was identified and geographically charted (Fig. 1). For 
each project, elements contributing to each to the 
PMAAC-AML’s four priority domains for adaptation 
were highlighted, offering a cartographic 
representation of how different actions are distributed 
in the territory. By looking to the public space projects 
according to different types from a merely quantitative 
perspective, there are three types with a higher 
presence (Table 1): 1) streets, roads and cycle paths, 2) 
green spaces, and 3) coastal and river waterfronts. 

 
Figure 1: 
Public space qualification projects delivered in LMA (1998-
2021) with relevant climate change adaptation rationale. 
Source: author, MetroPublicNet 

 

 
 

This distribution reflects three policy options: 
prioritizing walkability, active modes and traffic calming 
in urban environment, increasing the offer of green 
space throughout the metropolitan urban areas and 
qualifying the water-land interfaces, particularly in 
urban contexts. Although with fewer cases, there are 
relevant projects delivered in the typology of stream, 
stormwater management and urban agriculture, 
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Table 1:  
Analytical matrix of public space qualification projects: Types vs Adaption Actions [PMAAC-AML]. Source: author, MetroPublicNet 
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 Total projects in LMA (1998-2021)   a) 375 150 295 114 46 50 300 

Typologies of Adaptation 
Action (PMAAC-AML):         

Priority climate risk 1: 
Adaptation to high temperatures 

       

Creation of shaded spaces in urban environment 24 22 295 46 2 2 27 
Cooling operations of urban public space b) b) b) b) b) b) b) 
Shading/cooling of stop shelters, stations and parkings b) b) b) b) b) b) b) 
Shading of public transport stop shelters and cycle lanes b) b) b) b) b) b) b) 

Priority climate risk 2: 
Adaptation to sea level rise 

       

Ecological dunes restoration 2 0 1 3 0 4 6 
Construction of flood walls and protective structures 3 7 5 2 4 4 18 
Creation of multi-functional areas, compatible with coast, estuary 31 14 26 0 2 5 77 
Ecological restoration and creation of wetland areas 0 0 4 2 0 0 7 
Protection of cultural heritage exposed to estuarine risks 6 5 5 2 1 1 24 

Priority climate risk 3: 
Adaptation to droughts 

       

Recovery and conservation of riverside vegetation b) b) b) b) b) b) b) 
Collective spaces of local production 0 0 0 53 0 0 0 
Promoting water use efficiency in green spaces b) b) b) b) b) b) b) 
Use of undemanding indigenous vegetal species in water b) b) b) b) b) b) b) 
Reuse of treated rain and waste drainage water b) b) b) b) b) b) b) 
Use of local groundwater in municipal outdoor uses b) b) b) b) b) b) b) 

Priority climate risk 4: 
Adaptation to flooding 

       

Relocation of sensitive housing buildings and equipment 0 0 0 3 0 0 5 
Roll fill dams and upstream retention basins of risk areas 0 0 9 9 0 0 0 
Renaturalisation and qualification of drainage systems 4 6 7 47 0 0 12 

        
Notes:  
a) Intervention types are non-exclusionary, with some interventions included in more than one type. 
b) Adaptation Actions that were not analyzed due to lack of consistent and detailed information 

 

 

emphasizing an increasing sensitivity to blue and green 
corridor integration with social needs. Although with 
fewer numbers due to its high investment 
requirements, the typology of transport hubs and 
dedicated lanes played a key role in the reorganization 
of several urban areas, linking heavier transport 
development (i.e. metro and tram lines) with public 
space requalification. When these numbers are 
compared with the geographical relevance of 
adaptation priorities, it is possible to see that LMA’s 
north bank, with a higher degree of urbanized areas 
and more irregular physiography, has a higher coverage 
of flood and urban heat prevention projects. LMA’s 
south bank has a higher presence of waterfront and sea 
level rise adaptation projects. 
 
2.2 Project types vs. adaption priorities 

Table 1 offers a second level of information by 
cross-referencing the typological organization of public 
space projects with prioritary adaptation measures. 
Adaptation to high temperatures in urban areas is 
particularly addressed through the provision of shaded 
spaces. Not surprisingly, green space projects provide a 
relevant contribution, while the remaining types are 
very limited. A limited use of tree-coverage in most of 
the identified urban projects, even in urban street and 
square requalification, is responsible for this uneven 
distribution. 

Regarding the adaptation to sea level rise, the most 
prominent typology is the creation of multi-functional 
areas compatible with coastal and estuarine 
environments, followed by cultural heritage protection. 
This trend reveals a clear tendency to address more 
artificialized urban settings, with nature-based 
solutions associated with wetland creation and dunes 
restoration having a relatively low presence. Flood walls 
and protective structures are not a widely used feature; 
when used, raising the reference ground level is the 
preferred option, instead of more disruptive walls. In 
fact, and not surprisingly, when seen from a 
territorialized perspective, urban waterfronts are the 
most common situations in which sea level adaptation 
measures have been implemented. LMA is shaped by 
many riverine settlements with high cultural value [3, 
4]. This favours a more sensitive combination of multi-
functional solutions instead of hard engineering 
interventions. 

On the field of adaption to droughts, PMAAC-AML 
guidelines relevant for public space are mainly focused 
on efficient water use practices and circularity, 
requiring information that was not collected for 
MetroPublicNet’s research goals. Although it is not 
possible to offer quantitative figures on this line, 
empirical knowledge and general information by 

municipalities acknowledges this as a well-known 
challenge that is being addressed. Newer gardens, 
urban parks and other elements of vegetation tend to 
reduce water-demanding lawns and large grass fields, 
in favour of well-adapted species to water-shortage and 
local climatic conditions. Nevertheless, there is a 
guideline of interest: promotion of collective spaces of 
local food and agricultural production. In this case, a 
number of small scale and community vegetable 
gardens have been developed. Some municipalities are 
developing their green structure with a consistent use 
of these agricultural patches – even with vineyards – as 
interesting alternatives to green field parks. 

The actions regarding the fourth climate change risk 
priority – flooding – have been mostly focused on 
renaturalisation and qualification of drainage systems. 
In terms of public space development, these actions are 
particularly visible in spaces associated with water lines 
and streams, often used as shapers of urban parks, on a 
first generation, and greenways, as a later trend. In 
both cases, flood prevention and ground permeability 
are intertwined, the later with the added value of a 
more robust and systemic response to both natural, 
biological and human flows. Although with more limited 
numbers, but expressive funding levels, there have 
been some interventions based on roll fill dams and 
upstream retention basins of risk areas, all of which 
enabled the creation of multi-functional urban parks, 
thereby bridging the gap between stormwater 
management and social and ecological needs. Actions 
in which relocation of housing and facilities were also 
limited, due to high costs and demanding political and 
social negotiations. In most cases, they were focused on 
critical areas with very high risks of flooding and poorly 
maintained buildings. 

 
2.3. Entangling spatial integration of public space and 
climate change adaptation 

Although ecological issues were always 
acknowledged as fundamental in green space 
development, it was a common practice in LMA’s urban 
transformation processes to regard them as a mere 
compensation to building development, particularly 
during the fast-growth decades of 1960 through 2000. 
The result was often a splintered patchwork of green 
pockets, with limited conditions to act on a systemic 
level. More recent green spaces tend to be organized as 
structural elements of both ecological and socio-spatial 
regeneration. As such, they tend to introduce and 
combine not only the ecological layers and flows, but 
also the cultural dimensions that sustain them as part 
of the urbanized landscape [5]. The same happened in 
other situations, such as the waterfronts. From a first 
generation of piece-by-piece public space
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Table 2:  
Case studies: identification of adaptation actions present and territorial integration conditions. Source: author, MetroPublicNet 
 
Project (municipality) Identified adaption actions Territorial integration 

(1. existing, 2. potential) 
Ribeira das Naus riverfront requalification (Lisboa)  

 

Adaptation to high temperatures 
   Creation of shaded spaces in urban environment 
Adaptation to sea level rise 
   Construction of flood walls and protective structures  
   Creation of multi-functional areas, compatible with  
   coast, estuary 
   Protection of cultural heritage exposed to estuarine risks 

1. metropolitan core, high heritage value, 
metropolitan transport hub (river, railroad, metro, 
river traffic) 

2. continuous riverfront system; active mobility 
paths 

Agualva-Cacém urban & environmental regeneration (Sintra)  

 

Adaptation to high temperatures 
   Creation of shaded spaces in urban environment 
Adaptation to flooding 
   Roll fill dams and upstream retention basins of risk areas 
   Renaturalisation and qualification of drainage systems 
 

1. important suburban city, railroad station, city 
recentered around Jardas stream linear park 

2. green corridor along Jardas stream 

Caparica coastal protection & requalification (Almada)  

 

Adaptation to high temperatures 
   Creation of shaded spaces in urban environment 
Adaptation to sea level rise 
   Ecological dunes restoration 
   Construction of flood walls and protective structures 
   Creation of multi-functional areas, compatible with  
   coast, estuary 

1. coastal urban area, touristic and beach facilities, 
seasonal pressure, high coastal flooding risks 

2. coastal, dune and ecological restoration in 
adjacent waterfronts; public transport & active 
mobility link 

Lisbon ‘central axis’ street requalification (Lisbon)  

 

Adaptation to high temperatures 
   Creation of shaded spaces in urban environment 

1. high density mixed-use (offices, university, 
shopping), well-connected with public transport 
network 

2. relevant position in urban water drainage 
system and green structure 

Tagus riverside linear park (Vila Franca de Xira)  

 

Adaptation to high temperatures 
   Creation of shaded spaces in urban environment 
Adaptation to sea level rise 
   Ecological restoration and creation of wetland areas  
   Creation of multi-functional areas, compatible with  
   coast, estuary 
   Protection of cultural heritage exposed to estuarine risks 

1. semi-natural marshland with urban and 
industrial surroundings; highly prone to sea-level 
rise & salinization 

2. continuous riverfront system; active mobility 
paths; local agriculture production potential 

Livramento stream retention basin and park (Setúbal)  

 

Adaptation to high temperatures 
   Creation of shaded spaces in urban environment 
Adaptation to flooding 
   Roll fill dams and upstream retention basins of risk areas 
   Renaturalisation and qualification of drainage systems 

1. central open space in medium-sized city, where 
important blue, green & grey infrastructure 
converge 

2. prominent position in public space structure 
with impact on residential districts and key 
mobility links 

Várzea ecological park (Sesimbra)  

 
 

Adaptation to high temperatures 
   Creation of shaded spaces in urban environment 
Adaptation to droughts 
   Collective spaces of local production 
   Reuse of treated rain and waste drainage water 
Adaptation to flooding 
   Renaturalisation and qualification of drainage systems 

1. transition area between important suburban 
district, a national road and a large stream system 
of very high ecological value 

2. green corridor connecting Tagus estuary and 
Arrábida Natural Park 

 

 

requalification, triggered by compositional rationales 
and leisure-oriented uses, newer interventions are 
regarded as continuous lines to be incrementally 
assembled into wider structures [6]. This process 
reclaims a much more diversified catalogue of public 
space, including not only the more central and 
urbanized quaysides, monumental squares or 
embankment promenades, but also spaces like, 
wetlands, estuarine beaches, old salt marshes or 
coastal dune and cliff systems. Inland streams and 
water lines are also good examples, as they are often a 
key feature in the morphological organization of urban 
settlements. Blurred boundaries between built and 
open space through linear, agricultural and forestry 
parks or water retention and reutilization systems can 
be a potential feature of future adaptation strategies. 

This diversification brings four potential benefits for 
climate change adaptation: 1) comprehensive 
understanding of territorial and environmental 
conditions, with their systemic functioning and 
interdependencies, 2) governance integration of spatial 
planning, urban planning and public space project 
development under a territorial design framework, 3) 
consistent and coherent approach to the local design 
strategies, 4) strengthened social awareness of 
metropolitan landscape and of its functioning, enabling 
a stronger coalition between the society and policy-
making, implementation and everyday management. 

As an illustrative approach to the relationship 
between public space integration and climate change 
adaptation, table 2 presents seven cases in LMA in 
which both dimensions are identified. 
 
 
3. RESULTS AND CONTRIBUTION 

The paper sheds light on the added value and 
limitations of recent public space qualification projects 
in LMA to the spatial dimension of urban and territorial 
adaptation to climate change. Its contribution lies in the 
confrontation between public policy aims (identified in 
the projects’ rationales and their spatial configuration) 
and recent adaptation guidelines (priority domains, 
planning guidelines, risk territories). These results can 
provide a basis for policy assessment and steering, 
particularly at the metropolitan level, in which sectoral 
integration and multi-level governance are intertwined. 
The results offer both a quantitative and a more 
qualitative/interpretative perspective on the public 
space qualification process in LMA. Both approaches 
are seen as fundamental to cover the complex 
territorial interplays at stake. 

Three main contributions may be highlighted as 
conclusions. Firstly, a considerable number of 
implemented projects address mitigation measures, 

namely those related with low-carbon emissions (i.e. 
promotion of public transport, traffic calming, 
improvement of walkability and active mobility modes 
in urban streets and roads), which must be taken into 
account as relevant and complementary to the 
adaption efforts. Secondly, there is clear margin for 
improvement in several fields, namely: a), the limited 
presence of requalified street and square with trees 
and shade and its low contribution to heat-related risks, 
b) the limited use of systemic and robust water 
management systems (drainage, infiltration, 
reutilization) in public space, c) the limited integration 
between public space development and metropolitan 
scale forest and agriculture projects, d) the unclear 
adaption strategy (retreat, protect, advance) regarding 
ecological sensitive areas in the estuaries. Thirdly, a 
more systemic and integrated approach requires a 
better articulation at the metropolitan level, for which a 
metropolitan public space network strategy could be 
seen as politically and technically robust tool to address 
sustainable urban development challenges. 
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ABSTRACT: The work presented here consists on the development of a statistical data driven urban model used 
for assessing energy vulnerability at the city scale. Using spatial analysis operations and open source GIS tools, 
degraded areas affected by a lack of thermal comfort are identified, including winter and summer conditions 
assessment. This scale allows the selection of critical neighbourhoods most affected by urban deprivation, winter 
Fuel Poverty and overheating issues caused by a high Urban Heat Island Intensity. The proposed methodology is 
illustrated through the case study of the city of Madrid. The areas identified are those most in need of urban 
renovation, where retrofitting operations will have the greatest impact on reducing urban deprivation and 
improving energy efficiency and comfort. The results will be used in future research for the proposal of tailored 
improvement solutions specific for vulnerable areas of the cities. 
KEYWORDS: Urban energy retrofit, Fuel poverty, Urban Heat Island, heating, cooling 

 
 

1. INTRODUCTION  
Urban areas in Europe are showing increasing 

signs of environmental stress. Cities absorb an 
increasing amount of resources and generate a 
growing volume of emissions and waste [1]. The 
building sector is one of the largest energy consumers 
and major source of CO2 emissions on the continent 
[2]. In the coming years, the European Union intends 
to boost urban renovation initiatives to reduce 
environmental impacts. Through the European Green 
Deal, different initiatives have been planned to 
decarbonize the continent by 2050 and significant 
resources will be allocated for this purpose [3]. It is 
urgent to identify renovation priorities to achieve the 
greatest possible impact in the use of these 
resources. This involves a comprehensive analysis of 
the different vulnerability factors in cities, including 
social, environmental and economic aspects. It is 
necessary to cross-reference data from multiple 
sources in order to make evidence-based policy 
decisions to reduce the environmental impact and 
mitigate the effects of climate change in cities. This 
will enable the identification of neighbourhoods that 
are deteriorated, inefficient in the use of energy and 
risk to be severely affected by CC. 

Poor thermal performance of dwellings is a 
relevant vector causing Fuel Poverty in their 
occupants. Inefficient buildings with high heating 
needs during the winter result in heavy energy costs 

to achieve comfort in the home, poor indoor 
environmental quality, and health issues [4].  

The Urban Heat Island (UHI) shows the differences 
among temperatures in urban environments and the 
surrounding rural ones. Although the UHI is mostly a 
night-time phenomenon, urban temperatures can 
largely differ from each other also during the 
daytime. In the city of Madrid, diurnal temperatures 
during the summer months tend to be higher in the 
southern part of the city than in its surroundings, 
contributing to the heat exposure of its inhabitants. 
Moreover, Climate Change is expected to increase 
the frequency and duration of hot weather. In dense 
urban areas, these phenomena will be exacerbated 
by the UHI. Associated to this effect, the impact of 
temperature over indoor thermal comfort seems to 
increase cooling energy demand. Indeed, this has in 
recent years brought attention to its impact on 
vulnerable households, who may be suffering from 
summer Energy Poverty [5]. In Madrid, energy poor 
households already suffering from inadequate indoor 
temperatures can face important overheating 
problems and, as a consequence, health problems 
could become more frequent and stronger [6]. 

In former research projects, participants of this 
research measured and analysed the intra-urban UHI 
variability in the city of Madrid on an hourly basis [7]; 
further research has analysed the urban distribution 
of Fuel Poverty based on building inefficiency and risk 
indicators during the winter [8]. The joint application 

 

of these results allow a comprehensive analysis of the 
two phenomena and the interaction between them in 
the city of Madrid. 
2. OBJECTIVES 

The aim of this paper is the identification of 
critical areas at the city scale. These are defined as 
those neighbourhoods affected simultaneously by 
urban deprivation and lack of thermal comfort in 
summer and winter conditions. The analysis of these 
areas should be the basis for the development of 
effective solutions, which must be addressed under 
the following premises: 

▪ Focus should target deprived neighbourhoods 
as priority intervention areas for urban and 
building renovation. 

▪ A multidisciplinary approach is needed to 
provide effective solutions. The research 
must be conducted on urban planning, design 
and renovation, energy efficiency of 
buildings, construction materials and their 
environmental impact. 

▪ The city of Madrid will be considered for the 
experimental studies, although the 
methodology is designed to be extended to 
other cities with similar climatic conditions. 

Thermal comfort analysis covers both the outdoor 
public space and the indoor environments of 
residential buildings. The target is to identify areas of 
the city that are particularly overheated in summer, 
which also contain dwellings that struggle to maintain 
an adequate level of comfort during the winter. 

 
3. METHODOLOGY 
A procedure is developed for the location of the 
residential neighbourhoods in need of renovation, 
where a greater impact is expected from the 
application of energy retrofitting. The work presented 
here identifies, among the existing deprived 
neighbourhoods of Madrid, those that are vulnerable 
from the energy point of view, taking into account: 

• a high risk of Fuel Poverty (FP) during the 
winter  

• an elevated concentration of Cooling Degree 
Hours (CDH) during the summer 

For this purpose, spatial data from three different 
existing research studies are cross-referenced for the 
identification of critical areas. The process of 
identifying areas of interest is based on the 
development of a statistical data-driven 
georeferenced model of the city using open source 
spatial analysis operations and GIS mapping tools. 
The proposed model allows for the inclusion of other 
data sources that can complete the information with 
determining socioeconomic aspects such as gender 
perspective, type of household, urban morphology, 
etc… 

3.1. Deprived neighbourhoods 
An existing study called “Catalogue of Vulnerable 

Neighbourhoods” locates and analyses urban 
deprivation at the most populated Spanish cities [9]. 

 
Figure 1: Deprived neighbourhoods in Madrid by severity of 
deprivation, using 2011 census [9] 
 

This study identifies Deprived Neighbourhoods 
(DN) from a multifactorial perspective using Basic 
Indicators of Deprivation: 

• Percentage of population without education 
• Percentage of unemployed population 
• Percentage of dwellings in buildings in a 

dilapidated, poor or deficient state 
The indicators are developed using statistical 

information from the Spanish National Population 
and Housing Censuses (1991, 2001 and 2011). The 
methodology classifies the different neighbourhoods 
according to the causes and the severity of 
deprivation (from low, medium, severe to critical). 
This classification is represented in Figure 1 using 
darker colours for more severe cases.  

The study concludes that in the case of Madrid 91 
neighbourhoods are classified as deprived. These 
areas are identified as priorities for urban renovation. 

 
3.2. Winter Fuel Poverty risk 

A recent study developed a multidimensional 
index that includes different issues related to the 
causes and consequences of Fuel Poverty to detect 
the areas with a higher risk [8]. The indicators used to 
detect these sectors were as follows: 

• Deprived neighbourhoods 
• with inefficient buildings (lacking thermal 

insulation), 
• with excessive values in any of the following 

indicators: 
o High energy bills 
o No adequate heating facilities 
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o Low income population 
o Concentration of elderly population 

 
Figure 2: Deprived Neighbourhoods containing inefficient 
buildings, by severity of winter Fuel Poverty risk  [8] 
 

The method was applied to Madrid resulting in 
the identification of 53 DNs where urban deprivation 
overlap with building energy inefficiency. These are 
urban areas containing pockets of buildings with the 
worst heating energy rating. These neighbourhoods 
are classified according to the risk of FP using the 
above indicators. Winter FP risk spatial distribution is 
shown at Fig. 2 using darker colours for more severe 
cases. Although the study is focused on winter, the 
lack of thermal insulation also contributes to indoors 
overheating during the summer.  

 
3.3. Cooling Degree Hours during the summer 

The severity of the heat island in Madrid has been 
quantified in a previous study [10]. Cooling Degree 
Hours (CDH) were measured in 2017 for the different 
areas of the city, for both day and night (Fig. 3). The 
indicators used to detect sectors most affected by 
overheating were as follows: 

• Sum of day and night CDH in summer  
• Deprived neighbourhoods exceeding the cut-

off value 
The cut-off value considered as critical is set at 

50% of the standard deviation in Madrid: 3311 CDH. 
The selection of vulnerable areas exceeding the cut-
off value results in 41 sensitive cases (in red in Fig. 4). 

   
Figure 3: CDH during the day (left) and night-time in Madrid 

 
Figure 4: CDH within deprived neighbourhoods 

 
4. RESULTS 

The results obtained from the superimposition of 
the data from the studies presented here are shown 
in Table 1 and Fig. 5.  

 
Table 1. Results for the selected neighbourhoods 
DIST NAME POP. DWL DPV FP  CDH  
02 Chopera 9085 4205 VL VC 3369 
02 Legazpi 12445 5135 VS VM 3457 
02 Delicias 13770 6575 VL VS 3457 
11 T.G-P. Bend. 10420 3825 VC VC 3374 
11 Abrantes S. 3710 1490 VM VC 3374 
11 Opañel 14160 5985 VS VC 3407 
12 Orcasitas O. 11950 4835 VL VM 3437 
12 Pl. Eliptica 4280 1785 VM VC 3473 
12 Moscardo 5600 2320 VS VL 3473 
12 Almendrales 7470 3105 VC VS 3494 
12 Orcasur 6515 2295 VM VS 3494 
13 Portazgo 10105 4165 VM VC 3327 
13 A. del Arenal 5515 2235 VM VC 3327 
13 Pal.-Villalobos 12245 4655 VS VS 3331 
13 Pal.-Buñuel 12035 4710 VM VS 3331 
13 P. Azorin 6820 2885 VS VC 3420 
13 Entrevias E. 7875 3100 VM VC 3457 
13 Entrevias O. 16270 6730 VM VC 3457 
13 PT Raimundo 4065 1475 VM VL 3457 

 

13 Picazo 9585 4005 VC VC 3469 
17 Villaverde A. S 12535 5140 VC VC 3325 
17 Villaverde A. E 5815 2225 VC VC 3325 
17 San Cristobal 14785 5100 VC VC 3367 
17 Villaverde B. 11840 4655 VC VS 3464 

17 C de los Ángeles 5555 2470 VM VC 3469 
17 El Cruce 6130 2410 VM VS 3469 
18 Congosto 10410 4140 VM VC 3349 

 TOTAL MADRID 250990 101655    
 

 
Figure 5: Identification of deprived neighbourhoods affected by Fuel Poverty risk and extreme values of UHI in Madrid 

 
The map in Fig. 5 shows the spatial distribution of 

the different phenomena and the overlap of issues. 
Table 1 allows to quantify the population (POP) and 
the number of dwellings (DWL) affected, classified by 
district (DIST). It also includes the values of the most 
important parameters of each of the studies 
included: the degree of deprivation (DPV) and the risk 
of Fuel Poverty (FP) classified by degree of severity 
from the lightest (VL), moderate (VM), severe (VS) 
and critical (VC). The intensity of the UHI is evaluated 
on the basis of the number of summer CDH in each 
neighbourhood. Indicators exceeding critical values 
are marked in red in Table 1. 

In the city of Madrid, the areas most vulnerable to 
overheating during the summer, combined with the 
risk of suffering winter FP occurs in 27 of the 96 
deprived neighbourhoods in need of urgent 
renovation. The overlap of FP risk and overheating 
problems affects a total of 101,655 homes located in 
degraded environments. This amount represents 
7.7% of the total 1,320,530 principal dwellings 
registered in the city. In total, this overlap of issues 

affects a population of approximately 250,990 
people: 7.8% of the census population in 2011, set in 
3,198,645 people (Table 1). 

 
In terms of spatial distribution, these areas are 

concentrated in the southern periphery of the city 
(Fig.5). The districts most affected are District 13 
"Puente de Vallecas" with 9 neighbourhoods, 84,515 
inhabitants and 33,960 homes affected; District 17 
"Villaverde" with 6 neighbourhoods, 56,660 
inhabitants and 22,000 homes; and District 12 
"Usera" with 5 neighborhoods, 35,815 inhabitants 
and 14,340 homes affected. 

The results allow the analysis of each quarter 
according to the severity of the different 
problematics that affect it.  

 
5. ANALYSIS OF RESULTS 

The 27 selected neighbourhoods are considered 
as a priority for retrofitting, but there are different 
situations among them. For example, those with 
more than one parameter in red are the most critical. 
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The cases in which cold and heat parameters are 
combined will be more complicated to address. 

The problem of FP in winter has its greatest 
impact in the areas of the first periphery with a 
higher incidence in areas in the south and east of the 
city. On the other hand, overheating issues are mainly 
concentrated in the south of the city.  

The analysis of FP does not result in any 
neighbourhood contained in the central core of 
Madrid. This does not mean that there are no 
situations of Fuel Poverty within these areas, but that 
the problem may affect specific cases, and will not 
occur in a generalized manner. 

It may be striking to note that deprived 
neighbourhoods in the historic city centre are also 
not identified as the highest overheated ones, despite 
being located in the areas most exposed to the urban 
heat island. This is because the CDHs mostly 
concentrate during the day, while the UHI is mainly a 
night-time phenomenon, so it is the areas with the 
highest exposure to daytime urban heat which are 
identified as the most vulnerable. This should not 
lead to the assumption that deprived inner city 
neighbourhoods do not suffer from overheating. In 
fact, although they do not accumulate as much CDH 
as other areas, they do suffer from significant 
nocturnal overheating. This results, in the city of 
Madrid, in a greater number of tropical nights, when 
temperatures do not drop below 21ºC. This greatly 
reduces the effectiveness of passive cooling 
strategies, which rely primarily on night-time 
ventilation. These are areas where households 
therefore also have to cope with overheating and 
may require different treatment than areas that 
accumulate overheating during the day. This might be 
further investigated. 

In any case, it must be taken into account that 
Madrid has a temperate Mediterranean climate that 
generates both heating and cooling energy demands. 
The reduction of overheating in summer must be 
approached carefully, so as not to significantly lower 
the outdoor temperature as well in winter. This could 
lead to an undesirable increase in the heating energy 
demand of buildings. Mitigating urban heat must be 
approached from a dual summer-winter perspective 
as well as taking into account specific socio-economic 
needs of the most energy vulnerable households. 

 
 

Table 2. Socioeconomic and urban indicators collected from 
the studies included in this research 

Dimension Indicators 
Urban Deprivation Education level 

 Unemployment rate 
 Buildings in poor condition, 

deteriorated or dilapidated 
 Urban morphology 

Fuel Poverty No insulation 

 No heating facilities 
 Low income 
 High cost on energy bills 
 Elderly population 

UHI Exposure Cooling Degree Hours 
 No cooling facilities 

 
Socio-economic issues are central when 

establishing renovation schemes. There are a number 
of indicators associated with the data used for this 
work that can be used to analyse potential impacts 
related to the energy vulnerability of the population 
in the different areas affected. Statistical social and 
economic indicators allow the development of an 
energy vulnerability intensity index. Table 2 provides 
a list of variables collected by the different studies.  

Data on the incidence of Fuel Poverty from a 
gender perspective should also be included in further 
research [11]. Women are the main breadwinners in 
over half these households, and may either be 
pensioners or heads of single-parent families, 
highlighting the existence of gender inequalities in 
relation to FP. In addition, women are more sensitive 
to extreme temperatures, which may place them 
suffering FP at a greater risk 

In terms of urban morphology, the Catalogue of 
Vulnerable Neighbourhoods provides information on 
the type of urban fabric that characterizes each area. 
This information is useful when designing solutions 
adapted to the particularities of each type of 
development. As a result of this analysis, it should be 
noted that 10 of the 27 neighbourhoods identified 
correspond to areas of public housing developments 
built between the 1940s and 1960s. To establish 
recommendations for public policies for the city' s 
renovation, it will be interesting to relate this 
information to the municipal urban planning 
standards that are established through zonal areas 
with similar urban characteristics [12]. This would 
enable the application of appropriate regulations to 
incorporate specific solutions for the improvement of 
each neighbourhood. The morphology analysis could 
also be complemented with urban climate 
classification schemes, such as the Local Climate Zone 
(LCZ) classification scheme developed by Stewart and 
Oke [13].  

 
6. CONCLUSIONS 

Among the degraded urban areas in need of 
refurbishment of the city of Madrid, those with the 
highest intensity of Urban Heat Island in summer and 
risk of Fuel Poverty in winter have been identified. 
Such problems simultaneously affect 7.7% of 
Madrid's census population. Areas where the three 
problems overlap are established, and an index is 
generated to measure each of them, in order to be 
able to assess their intensity. Intelligent maps that 
allow the identification of critical areas are produced.  

 

A number of socio-economic issues related to 
energy vulnerability are collected. This information is 
useful for the design of renovation schemes tailored 
to the characteristics of the population of each 
neighbourhood.  

Most of the neighbourhoods identified 
correspond to areas of public development. 
Therefore, this points to the responsibility of public 
administrations in the search for solutions to these 
problems. 

The neighbourhoods selected in this work will be 
analysed in depth in future, as case studies of the 
ongoing MATEMAD project: “Multidimensional 
characterization of urban materials: impact on 
outdoor environment, energy demand and citizens' 
well-being”. MATEMAD project will approach them 
through the analysis of the public space. An inventory 
of surface finishing materials will be made to identify 
the most frequently used. Knowledge about thermo-
optical surface characteristics will permit to make 
proposals about the improvement through the 
optimization of the optical and thermal response of 
urban coatings. Optimized materials for urban 
surfaces can provide efficient solutions towards 
Climate‐neutral Cities with improved liveability and 
sustainability, reducing the energy demand of 
buildings and improving the well-being of citizens in 
public environments. The project will address these 
issues by focusing on urban materials and their 
impact on overheating problems. The aim is to reduce 
the urban heat mainly by mitigating the Urban Heat 
Island, mostly a night-time phenomenon, but also by 
taking into account the diurnal thermal variability 
within the city. The urban heat would be tackled 
through the resurfacing of streets and public spaces, 
as well as buildings roofs and facades, using 
appropriate materials. Solutions should not increase 
heating demand, nor worsen winter thermal comfort 
inside the buildings nor at the urban space. This 
assessment is required to avoid an increase of winter 
fuel poverty caused by thermal stress reduction 
measures designed for summer conditions. 
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ABSTRACT: Urban configuration influences different ways of living in the city related to the house, job and their 
access routes. The urbanism could be a relevant tool to contribute to improving the quality of life. The increasing 
number of individual motor vehicles associated with urban sprawl contribute to the aggravation of problems in 
the city such as immobility, pollution, and the lack of access to the infrastructures, commercial establishments, 
and services, primarily on the scenery of centralization e polarization. The rise of obesity, diabetes, and 
hypertension cases among the population points to the city as a relevant source of encouragement to active 
mobility, both utilitarian and recreational. The decrease of rural areas is frequent and allows the growth of the 
fresh food costs because of the displacement dependence from producer to consumer. In this study, the road 
transport connected to health and food, also considering economic aspects of public health and nutritional food. 
KEYWORDS: Urbanism, Urban mobility, Public health, Food, Fresh food 
 

1. INTRODUCTION 
The advent of motor vehicles allows the 

occupation of peripheral areas away from the 
downtowns. This process generates other 
implantations and land uses related to the decrease 
of natural and rural areas in many cases. 
Furthermore, the pollution from the industrial areas 
in urban centers contributed to the urban sprawl and 
the suburbs’ occupation favoring assurance of 
population’s health and quality of life [1]. The 
suburbs’ occupation induces an intense and constant 
displacement towards the centers where there are 
the employees, commercial, and service 
establishments. The blend of centralization and 
urban sprawl evidences the increase of motor 
vehicles fleet and the impossibility of doing these 
displacements through active transports due to 
route distance in many cities. 

The increase of time dedicated to daily 
displacements could compromise work 
performance. Besides that, this scenery may impact 
time to other activities such as food consumption. 
That reality could influence the rising of ultra-
processed food, and fast foods consumption added 
to decrease nutritional quality with the less fresh 
food consumption. In 2017, 6.28% of the world 
population had type 2 diabetes, about 462 million 
people [2]. In 2016, 39% of adults more than 
eighteen years old were overweight, and 13% were 
obese [2]. About the child population, 39 million 
children until five years old were overweight or 
obese [3]. It is worth highlighting food insecurity 
which affects 30% of the world population [4]. In 

2030, about 660 million people may be in hunger 
conditions - considering the COVID-19 (Sars-Cov-II) 
pandemic effects [4]. The eating disorders could be 
related to socioeconomic questions, such as access 
and purchasing power to fresh food, and daily 
factors, as the time dedicated to food consumption. 
In some cases, physical activities could also influence 
this condition. Approaching the lines: urban planning 
and mobility, climate and pollution, and economic 
aspects, this article intends to point the urgency of 
inserting health and food demands on urban 
management. 
 
2. URBAN PLANNING AND MOBILITY 

The advent of the combustion engine and motor 
vehicles qualify different forms of land occupation 
and consumption. The occupation areas far from 
urban centers and the product exchange allow other 
globalization scales and mobility of people, products, 
capital, etc [5]. Currently, mobility is a key in the 
debate about urban sprawl and compact cities. The 
reality of urban sprawl influences the increase of 
motorway traffic. The choice for transportation also 
is impacted by car status and the insufficiency of 
collective transports in many cities. On the other 
hand, compact cities intend to decrease the car fleet 
and stimulate active and collective transport. The 
discussion about urban morphology and planning 
regards historical questions which still are urban 
demands, such as air quality. 

The industrial pollution concentration in urban 
centers encourages land occupation in peripheral 
areas of the city. The urban activities sector was an 

 

important starting point for urbanists, such as Le 
Corbusier. In Plan Radieuse, Corbusier advocated for 
large and rectilinear avenues to access central areas 
where each sector would be a specific use. The 
industrial, commercial, residential areas, and others, 
compose functional zones [6]. The population 
growth in urban areas, influenced by 
industrialization, also impacts redesigning the land 
occupation models in the cities. The garden city 
movement developed by Ebenezer Howard at the 
end of the XIX century is relevant for the scope of this 
research. Hall [6] explains Howard's intention to 
balance the urban and rural environment in his city 
model. Thus, Howard recognized the necessity to 
limit the urbanized area through green belts with 
agricultural functions and the population - with 
thirty-two thousand inhabitants. 

The urban sprawl against the compact cities 
complements the discussion in the pandemic and 
post-pandemic scenery due to the urban mobility, 
and the land uses and occupation reality because of 
the continuous commuting and the urban centers. 
Motorway traffic impacts public spaces and the 
population's quality of life, primarily single-
occupancy vehicles, considering the daily dynamic of 
urban sprawl and centralization and its demands. 
Table 1 exposes the demanded area (m²) of each 
transport mode - 1 for car, 2 for conventional bus, 3 
for bicycle, and 4 for on-foot - both stopped and 
moving. The calculation related to the moving 
vehicle (m²) considers velocity in km/h (V), road 
width in meters (W), and three security seconds, 
except for on-foot mode. 

 
Table 1:  
Demanded area and capacity of each transportation. 

Mode 
Stopped 

area  
(m²) 

Moving area 
Capacity V W Area 

1 9.90 50 3.0 136.32 5 
2 40.50 50 3.0 164.10 85 
3 0.70 16 1.5 22.55 1 
4 0.80 3 1.2 0.80 1 

Note: The stopped car space considers the parking space 
for the modal established by the Construction Code of the 
city of São Paulo [7]. The Urban Signalization Manual [8] 
was adopted for conventional bus calculation. The street 
width considered is three meters due to the velocity 
adopted. An active transportation study assisted in the 
pedestrian occupancy space is presented in Transporte 
Ativo [9] . The vehicle model Hyundai HB20 (3.94 m length) 
and the conventional bus Marcopolo Torino (13.20 m 
length) were adopted. In the pedestrian area, the three 
security seconds were not considered. The sidewalk width 
could be shared. Thus, it assumed only the space occupied 
by the moving body. 

The focus on motorway displacement 
presupposes the presence of other infrastructures 
which impact landscape, such as parking spaces, 

viaducts, and tunnels. The subtraction of urban 
spaces due to single-occupied vehicles may reduce 
green areas and urban afforestation. Consequently, 
actions increasing motorway traffic may discourage 
active transport use. Contrastingly, active 
commuting is an ally to the population's quality of 
life because it is a functional or utilitarian activity. 
Physical activity is recommended at least thirty 
minutes five days a week, even in multiple smaller 
intervals [1]. Urban furniture, afforestation, and 
other measures which guarantee their safety and 
comfort are significant investments to assemble a 
healthier city. 

On the urban scale, the fifteen-minute city 
concept invests the reduction of displacement time 
through urban decentralization and land-use 
diversity as a priority. Carlos Moreno [10], concept’s 
author, and other urbanists [11, 12], recognize the 
significance of these measures to improve the 
quality of life in the cities. Moreno endorses 
employee, leisure, educational, health, and supply 
uses must be in a fifteen-minute access radius 
through active transportation. Meanwhile, it is 
possible to access the other areas with collective 
transport in thirty minutes. Saldiva [13] quotes a 
study which evidence physical practice growth 
through active transport influences on obesity 
condition reduction in North American and 
European cities (Fig. 1). Besides, decreasing time 
displacement allows us to reappraise daily dynamics 
to achieve other gains. Meal preparation and 
consumption time influence industrialized food 
intake against fresh food. The first is high in fats and 
sugars, such as processed or ultra-processed food 
[13]. Here, the time dimension joys the mobility and 
food consumption questions promoting healthy 
cities. 

 
Figure 1:  
Relation of obesity taxes and active mobility practice. 

 
 

Nonetheless, time displacement could encourage 
measures aimed at motorway infrastructure. 
Motorized transport prioritization promotes actions 
to solve traffic problems like congestion, such as the 
expansion of the roads. Speck [8] characterizes that 
process as “induced demand”; the author explains 
the city  encourages that transport mode and a 
growth car fleet consequently by creating 
advantages to the motor vehicles. Therefore, this 
increase worsens air quality because of rising CO2 
levels. Researches evidence the relation between 
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exposure to air pollution and placental weight, 
autism, premature birth [13, 14]. Particles and gases 
compose polluted air. First is characterized as a 
mixture of soot, metals - including heavy - and 
organic compounds such as polycyclic aromatic 
hydrocarbons, which may promote mutations in 
human genetic material and cause cancer [13]. The 
gases, such as nitrogen (NOx), carbon (COx), and 
sulphur (SOx) oxides, are related to emissions from 
motor vehicles and fuel evaporation [13]. These 
elements impact the acid rain process and 
respiratory diseases [15]. 

Considering metropolitan regions and the 
middle-sized and small cities, the urban centers 
develop a dependence and influence context related 
to their surroundings. This reality impacts the daily 
displacements where the high number of single-
occupied vehicles creates an immobility scenery. In 
the Metropolitan Region of Rio de Janeiro, 65.4% of 
the workers, who do not work in the city where they 
reside, commute to Rio de Janeiro [16]. Regarding 
people who do not work at home (Rio residents, 
24%, and surrounding cities residents, 15%), almost 
half of this population, considering Rio residents or 
not - 44% and 46% respectively -, spend between 45 
and 90 minutes on the commute from home to work 
[16]. 

In light of the significance of urban planning to 
the territorial connection, the compact city and the 
urban network on a municipal and regional scale 
allow the asymmetries reduction between the urban 
areas. In other words, encourage a relation of 
intracity, such as urban and rural areas, and intercity. 
In that way, urban mobility could benefit itself due 
to the capacity of regional planning, which could be 
effective in reducing the time displacement. Llop 
[17] points this articulation applied in small and 
middle-sized cities promotes the development of 
“Intermediary cities”. The author explains 70% of the 
population should be concentrated in a 4 km radius 
to encourage active displacements, such as a fifteen-
minute city dynamic. The intermediary cities are 
based not only on demographic or territorial size, but 
also on their functions in mediating flows, links of 
rural and urban areas, and the areas of influences 
[17]. Regional planning could contain an economic 
analysis articulated urban mobility. 

The land use and occupation facilitating compact 
planning with other measures could also avoid the 
construction in peripheral areas. In addition, housing 
policy is indispensable because of the inequity in 
many cities, guaranteeing housing supply. Informal 
settlement and occupation of environmental 
protection or risk areas impact the population’s 
quality of life, including health and sanitary 
conditions. Aiming to preserve fauna and flora and 
agricultural practices, the oversight and occupation 

control in peripheral areas and transitional zones on 
the border between cities are relevant measures to 
restrict urban growth. After that, it contributes to 
food production and climate. 

The food displacement from the production to 
the consumption area impacts the increase of food 
waste. In Brazil, 50% of food waste - 26.3 million tons 
per year - occurs during the handling and transport 
phase [18]. The food production in the city both 
influences a waste reduction and could promote a 
decrease in the final cost. The prospecting of 
logistical expenses has factors related to planning 
and administration, characterized by the value of 
shipping - considering fees such as loading, 
unloading, insurance, and urban road tolls -, vehicle 
maintenance, depreciation, taxation, labor, and fuel 
[19]. Besides the investment in food production in 
peripheral areas, similar to garden cities, the city 
could develop spaces dedicated to urban gardens 
and add productive function to existing green 
spaces. Health and educational equipments could 
also contribute to that production. 

The decrease in food production in the cities 
seems to aggravate social inequality. Usually, the 
urban centers concentrate more fresh food offerings 
compared to peripheral areas. These areas with little 
nutritional and quality food supply are named food 
deserts [20]. Although the nutritional value of fresh 
food, the heavy metals contamination of the air, 
land, water, and food is harmful to the health. A 
relevant source of contamination is pesticides use. 
Even in indirect consumption, heavy metals have 
high toxicity, causing damage to various body organs 
and carcinogenic effects [21]. Authors relate the 
problem of pollution to food production, which can 
contribute to the accumulation of one or more 
substances mainly in leaves, such as heavy metals 
[21]. Thus, the production of organic food should be 
encouraged in cities. Nevertheless, the decrease of 
motorway displacements is necessary to avoid 
pollution contamination. In addition, a link between 
food producers and consumers may potentialize 
access to fresh food, in other words, foods with more 
nutritional quality, creating a network. 

In this scenery, Figure 2 [22] shows the spatial 
inequality of access to organic street markets in Rio 
de Janeiro (Brazil). The smallest circumference, 
where much of the street markets settle down, 
coincides with the downtown and south Rio de 
Janeiro, economically valued areas because of 
infrastructure presence. 

 
Figure 2:  
Organic street markets in the city of Rio de Janeiro. 

 

 
 
Therefore, the relationship between 

urbanization, health, and food should engender 
measures in favor of healthy cities passing through 
mobility, land uses and occupation, and food 
production. Urban gardens,  decentralization, social 
housing programs, and the integration between 
urban and rural spaces are necessary to promote 
more quality of life. Further, they are essential to 
decrease social inequality. This process must regard 
more ecological practices: organic production, 
permaculture, agroforestry, sewage treatment, and 
active transport, for example. The actions in the city 
should be managed holistically  to recognize 
problems and potentials. 
 
3. CLIMATE AND POLLUTION 

The heat sensation in urban areas is related to 
the constant presence of urban materials, such as 
concrete and asphalt, and dark surfaces in the cities 
[23]. The albedo is the reflecting power of a surface. 
That measure allows identifying the heat retention 
level of materials, which loses heat to the 
environment posteriorly. This process induces the 
formation of urban heat islands. The different 
performances about humidity, ventilation, and 
thermal properties between vegetation and urban 
materials picture the climate processes that affect 
life in the city. The importance of vegetation to the 
temperature level decrease at downtowns occurs 
primarily because of the evapotranspiration process. 
In that way, the permeability and the 
evapotranspiration process cause air cooling in the 
surroundings [23]. It is also noteworthy that the 
performance of this process varies according to 
vegetative characteristics such as size, density, etc. 
Besides that, the air humidity maintenance 
promoted by the urban trees' presence influences 
the decreasing of thermal amplitude compared with 
more dry climates [13]. 

The heat island is an urban microclimate 
characterized by heat retention compared to the 
surroundings and involves stagnation of winds. It 
could be related to urban density and materiality 
[23]. In a cold climate scenery, where the heat island 

formation may seem like a choice to promote 
warming, it is characteristic of this condition low air 
exchange, which could allow a concentration of 
pollutants in some city's regions. The urban dome 
formation [20], due to heat retention, is impacted by 
the wind regime. The wind action allows the air 
renovation through urban plume [23] (Fig. 3). 
Therefore, the urban densification added to the 
verticalization process could actuate in the wind 
blockage. It is a negative process since it could 
impact respiratory disease occurrence. The pollution 
originated in the urban space, derived by industrial 
activities and motorway traffic, affects the health 
and the population’s quality of life and impacts the 
rainfall regime [13]. Both respiratory and 
cardiovascular diseases and carcinogenic effects 
from particulate pollution are highlighted [13]. 

 
Figure 3:  
The urban dome and the urban plume. 

 
 
Afforestation acts as cool islands since they allow 

lower temperatures. The infrastructural landscape 
concept adds other functions to gardens, parks, and 
squares. A natural landscape is considered a green 
infrastructure. In the city, these green spaces are 
favorable to the urban area as in heavy rain cases as 
an initiative of hydraulic engineering. Nature-based 
Solutions (NbS) are sustainably managed actions 
inspired by the natural dynamic and could auxiliary 
on water treatment, urban drainage, and impact of 
droughts. Understanding the infrastructural capacity 
of green areas means it could be a measure to 
mitigate the heat sensation and the pollution, 
besides increasing quality of life. Furthermore, the 
food production possibility in urban, peri-urban, or 
rural areas aggregates more benefits to the 
community.     

 
4. ECONOMIC ASPECTS 

According to Zmitrowicz and De Angelis Neto 
[24], the paving and drainage systems are more 
expensive infrastructures in the urbanization - with 
participation between 55% and 60% of the total 
costs. Urban occupation in the city impacts what the 
authors characterize as the city's network 
infrastructure - described as a mesh of pipes, cables, 
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or pavements distributed throughout the city. Urban 
layout and morphology aspects influence the 
efficiency of the implantation of these 
infrastructures and their final cost. Thus, the road 
system has relevant participation in the execution 
and performance of the sewage, water, energy, and 
telecommunications systems. 

Comparing low and high urban density (Table 2), 
it is possible to note the value according to the urban 
network infrastructure in these different sceneries. 
Although the percentages relative to low and high 
density are close, the high density allows more 
people and units to enjoy urban infrastructure 
through a small difference in budgetary investment. 

The update of these values permits the analysis 
of the urban density of 75 inhabitants per hectare 
and its 250 thousand dollars estimated cost [25]. 
Meanwhile, 600 inhabitants per hectare correspond 
to 320 thousand dollars on average. The authors 
evidence even though the population in the denser 
case equals 800% of the low density scenery 
inhabitants, the whole urbanisation cost of the 
hectare, in average, would be less than 30% higher. 
 
Table 2:  
Urban networks infrastructure and its participation value. 

Network 

Part of each urban 
networks infrastructure in 

the total cost (%) 
Urban low 

density 
Urban high 

density 
Pavement 41.38 44.35 
Drainage 14.38 15.65 

Water supply 3.93 3.50 
Sewage 17.10 19.73 

Gas distribution 9.09 8.79 
Electricity supply 13.16 6.81 

Street lighting 0.96 1.17 
 
The verticalization process could be an ally of 

urban densification. Nevertheless, it may worsen the 
quality of life in the city, due to the effects on the 
local microclimate, for example. The construction 
height, the materials, and low land permeability 
could influence the heat sensation and the wind 
regime. Another issue highlighted is the 
environmental comfort related to noise problems in 
the thirty families or more per hectare scenery [25]. 

The encouragement to active mobility, land-use 
diversity, and food production contributes to the 
development of healthy cities because reducing the 
speed, by active transport, allows slower 
perspectives and, thus, more attention to the 
surroundings. Thereby, Speck [11] describes the 
parking management in favor of rotativity profits the 
commercial establishments. Urban policy and 
legislation may influence car use. Shoup [26] explains 
a minimum number of parking spaces in buildings is 

usually related to land use in many cities. That 
measure could be according to building codes, for 
example. The Institute for Transportation and 
Development Policy [27] assesses the demand for 
parking spaces in Rio de Janeiro (Brazil) compared to 
the car number from 2005 to 2016. The study 
noticed the annual parking spaces growth in 
buildings equals 11.4% while the automobile 
number increased 4.1%. In the last three years of this 
research, 43% of parking spaces were created of the 
total in the ten years range [27]. On the other hand, 
Speck [11] mentions in the city of San Francisco 
(Califórnia, USA), a requirement of one parking space 
per unit increases 20% the habitation cost. Besides 
that, removing this requirement allows an increase 
of 24% of the number of inhabitants in the building. 

Active transport demands less space compared 
to motorway displacement. In addition, there are 
multiple materials for paving which could be used 
without harm the dislocation and would be more 
efficient to the urban permeability. Therefore, these 
facilities aid in redesigning urban spaces even in 
experimental mode with low cost, but efficiency and 
rapidity. Tactical urbanism is an approach to 
promote a better appropriation and use of urban 
space through specific urban interventions, 
sometimes temporary. Besides, the constructions 
associated with roads and highways require a short 
number of human resources due to machinery 
presence. Indeed, buildings for collective transport 
along with pedestrian and bike networks engender 
60% to 100% more employment [11]. 

The investment in a healthy city may also be 
profitable to the health area. Both mobility and food 
habits may imply a cost decrease in the health 
system. In the reality of Brazil, Nilson et al. [28] 
explain hospitalizations linked to obesity, 
hypertension, and type 2 diabetes in the Unified 
Health System (SUS) correspond to about 16% of 
total hospitalizations in 2018. Inpatient and 
outpatient care costs are, respectively, US$ 14.88 
billion and US$ 643.25 million in the same year 
(considering the dollar exchange rate on December 
31, 2018). Regarding the Brazilian Popular Pharmacy 
Program - a strategy to improve the access of 
medicines by population - the costs with obesity, 
hypertension, type 2 diabetes, and asthma amount 
to US$ 8.95 billion in 2018. Other diseases related to 
hypertension and diabetes, such as cardiovascular 
and chronic kidney, influence SUS’ outlay, 
respectively, US$ 145.31 billion in 2015 and US$ 
10.07 million. 
5. CONCLUSION 

The city’s configuration both composes and 
influences population practices and habits. This 
study evidences the motorway traffic landscape, on 
the urban dimension, and its impacts on people’s 

 

health and alimentation. The city could become a 
tool to mitigate diseases related to physical and 
mental health, even as food insecurity situation. 
Admitting the city as a diverse scene of behavior and 
everyday practices territory situates the mobility and 
alimentation in a commonplace. Nevertheless, the 
investment in healthy cities, including economic, 
which stimulate beneficial practices to the body and 
mind, could be a better method to increase the 
population’s quality of life. 

The car dependence reveals several impacts due 
to motor vehicle commuting which cities should be 
aware of and address them in the city management, 
including the land use and occupation. This scenery 
impacts life and health. Besides, the link between 
inequality, mobility, and food consumption 
evidences a worrying reality which connects 
purchasing power, housing quality, travel time, and 
wage. Living in peripheral areas means continuous 
commuting, dedicating part of the income and time 
to transport. Because of land speculation and 
precarious collective transport, the urban form 
impacts the population’s opportunities, such as job 
offers, supply markets, educational and health 
services. Urban sprawl influences quality of life and 
autonomy. Investment in healthy urbanism also 
returns benefits to the public administration. 
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ABSTRACT: The living conditions of informal cities around the world are directly related to the UN 2030 Agenda. 
In Brazil, the most populated country in Latin America, 22.3 % of the population was estimated to be living in 
informality in 2015. In Sao Paulo and Rio de Janeiro, the typical compactness of the land use of its slums aggravates 
local microclimatic conditions. At the building scale, spatial demands lead to transformations of self-built 
residential buildings that overlook the need for daylight, natural ventilation and solar access. Confronting such 
reality, the pilot-project of technical assistance entitled Social Housing: Pictures and diagnostics in communities 
before and after Covid-19 addresses the gap in the knowledge of self-built practices with regards to indoor 
environmental quality, by means of a specialized-driven participatory process, that promotes technically informed 
support to residents of informal settlements in Sao Paulo and Rio de Janeiro. This pilot project demonstrates the 
practical efficiency of a participatory approach that addresses a socio-environmental and inclusive design agenda, 
at the domestic level of local self-built communities. As a final product, an on-line open-access library was made 
available with the outcomes of the technical critical assessment of existing situations and the associated 
recommendations. This pilot project was supported by the UN-Habitat programme "ONU-Circuito Urbano 2020". 
KEYWORDS: Self-Built, Residential Buildings, Tropical Climate, Environmental Conditions, Design Intervention 
 

1. INTRODUCTION 
In Brazil, the most populated country in Latin 

America, 22.3 % of the population was estimated to 
be living in informality in 2015 [12]. In São Paulo, the 
biggest and richest of the Brazilian cities, it is 
estimated that between 1,16 and 2 million people 
live in 1.538 informal settlements, which is the 
equivalent of approximate 16% of the city´s 
population, whilst in Rio de Janeiro, it was reckoned 
that approximately 22% of the city’s total population 
live in informality - one of the highest percentage of 
slums’ population among the Brazilian cities [15].  

The word slum has been commonly used to 
identify an agglomeration of poor quality and 
informal housing, often lacking proper urban 
infrastructure including the provision of clean water, 
electricity and garbage collection [13]. The living 
conditions of informal cities around the world are 
directly related to the UN 2030 Agenda [14].  

In Brazil, an informal settlement is known as 
favela, named after the tree from which the wood 
was used to build the first informal settlements in 
Rio de Janeiro, in the end of the 19th century [11].  

In the favelas found in Sao Paulo and Rio de 
Janeiro, the typical compactness of the land use, 
coupled with the lack of vegetation, 
impermeabilization of the urban ground and the 

typical materiality of the self-built environment, 
which is made predominantly of metallic roofs, bare 
brick walls and cemented or asphalt streets and 
pavements, end-up aggravating local microclimatic 
conditions of the warm and humid tropical and 
subtropical Brazilian cities, by accumulating and 
trapping the heat from impinging solar radiation [6, 
3], (Fig. 1, 2). In the favela of Paraisopolis in São 
Paulo, the second biggest slum in the city, 
measurements in situ taken over a period of 6 
months compared the thermal conditions in a typical 
dense part of the slum with urban spaces just 
outside its built environment and showed a wider 
daily temperature difference in the slum’s open 
space, where, in the warm days, peak temperatures 
were up to 3°C higher than in the nearby formal 
urban area, whilst night-time temperatures during 
the cooler days were at least  
1°C lower in the slum [3]. 

At the building scale, spatial demands lead to 
transformations of self-built residential buildings 
that overlook the need for daylight, natural 
ventilation (crucial for fresh-air and space cooling 
during the warmer periods of the year) and solar 
access (important in the cooler periods).  

Coupled with the warmer urban conditions, the 
poor indoor environmental conditions of living 

spaces were proved to be also a consequence of the 
thermally inappropriate building fabric, incurring in 
excessive levels of solar gains [10]. A fieldwork 
conducted in homes in Paraisopolis facing the main 
streets, revealed air temperatures as high as 40°C in 
the living space at 4 pm of a weekday, when outdoor 
temperatures oscillated around 33°C [6]. As a 
common practice during warm periods, windows are 
kept open by the occupants during the 24 hours’ 
daily cycle. However, given the relatively small 
windows deprived from external shading, and the 
accumulation of internal gains (as a function of 
internal activities and domestic appliances), the 
referred studies demonstrated that this measure 
alone is inefficient to control the rise of internal 
temperatures during the times of peak 
temperatures.  

 

 
Figure 1: Overview of Favela of Rocinha, Rio de Janeiro, 
illustrating the compactness of the built form. Photo: E. 
Pizarro. 

 
Figure 2: Street in Favela of Paraisopolis, Sao Paulo, 
illustrating precarious building constructions. Photo: E. 
Pizarro. 

In Rio de Janeiro (more than in Sao Paulo), where 
average high summer temperatures easily reach 
30oC, it is clearly seen that the response to the 
intense overheating of the internal spaces has been 
the adoption of air-conditioning machines, often 
supported by an illegal use of electricity. In the 
context of the pandemic, that broke up in 2020 and 
two and a half years later is still affecting thousands 
of Brazilian families, the ability to properly naturally 
ventilate homes became a key factor for health and 
wellbeing, going beyond the notion of thermal 

comfort, particularly in the dense and poorly treated 
realm of the informal city.  

Confronting such reality, the pilot-project of 
technical assistance entitled Social Housing: Pictures 
and diagnostics in communities before and after 
Covid-19 (Habitacao Popular: Retratos e 
diagnosticos nas comunidades antes e depois da 
Covid-19) [2] addresses the gap in the knowledge of 
self-built practices with regards to indoor 
environmental quality, by means of a specialized-
driven participatory process, that promotes 
technically informed support to residents of informal 
settlements in Sao Paulo and Rio de Janeiro, to 
improve their home environments. This project was 
realized within the context of the UN-Habitat 
program Circuito Urbano 2020, that encompassed a 
series of events focused on the quality of life in 
Portuguese speaking cities in Brazil and African 
countries [7]. 
 
2. METHOD: THE PARTICIPATORY PROCESS 

This pilot project for environmental technical 
assistance to self-built homes in informal 
settlements took the format of an on-line workshop, 
in which specific advice for modifications of 
buildings’ fabric and components – a kind of DIY (Do 
It Yourself) Building Design Guidelines, were 
elaborated and communicated with the residents 
during the event [2].  

These guidelines were based on an 
environmental technical assessment made for a 
range of external and internal photographs provided 
by residents of Brazilian slums. Methodologically, 
the referred live on-line event was characterized by 
a participatory process originally formulated to this 
pilot project, driven by the cases presented by the 
residents. Although the workshop was opened for all 
Portuguese speaking countries in the word, the great 
majority of the participants were from the cities of 
Sao Paulo and Rio de Janeiro in Brazil (probably due 
to access to the online information about the event).  

The guidelines encompassed a series of specific 
but replicable and technically simple modifications 
of the building fabric and components, focusing on 
thermal, natural ventilation and daylight conditions 
of the favela homes. In addition to the critical review 
of specific aspects of the buildings to be modified, 
existing features which were identified in the 
photographs and considered to be environmentally 
adequate were also highlighted, explained, and 
recommended for a wider applicability in the local 
context. In the assessment provided to the residents, 
the positive aspects were classified as Adequate 
Features – good practice that should be incentivized 
to be replicated, whereas the problematic ones were 
pointed as In Need for Intervention. 
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In general, both the recommendations geared to 
modify a certain feature of the building and those 
related to actual existing solutions were based 
principles of environmental design, applicable to the 
local subtropical and tropical climates of Sao Paulo 
and Rio de Janeiro and included mainly: 1. Aspects of 
the materiality of the construction (meaning the 
insulation of the building fabric – U value), 2. General 
treatment of facades and roofs (color and shading), 
3. Apertures for daylight and ventilation (type, size 
and location) and; 4. Finishing of internal floors and 
walls. The technical recommendations for the 
thermal performance of residential buildings from 
the Brazilian Standard (NBR15220-3) were also 
considered as general guidelines for this qualitative 
assessment [1]. As an outcome, the technical 
assessments of all photographs, with the associated 
design recommendations, were compiled and made 
available on a digital platform with open access, with 
a catalogue of design recommendations to be 
adopted in similar building scenarios, located in 
similar climatic contexts [2]. 
 
3. CLIMATIC CONTEXT 

Given that the great majority of cases assessed in 
the workshop were from the Brazilian cities of Sao 
Paulo and Rio de Janeiro, the climatic conditions in 
these two cities is presented here. According to the 
Köppen Climate Classification, the city of São Paulo 
(latitude 23.85°S; altitude 792m) is in a region of 
Humid-Subtropical Climate (Cfa) and the city of Rio 
de Janeiro (latitude 22.91°S; at sea level) is in a 
region of tropical savanna climate (Aw) that closely 
borders a tropical monsoon climate (Am) [8]. An 
overview of the local climates is described below. 

 
3.1 Sao Paulo  

The average annual temperature is 19°C. January 
is the hottest month, with an average minimum 
temperature of 19°C and average maximum 
reaching 27°C, whilst humidity levels vary between 
31% a 100%. Maximum global solar radiation on the 
horizontal plan in January is 1,017 W/m2. July is the 
coolest, with average minimum of 17°C and average 
maximum 23°C, whilst relative humidity varies 
between 26% a 100%. The average hourly horizontal 
global solar irradiation in the summer is 767 W/m2, 
following in the winter to 598 W/m2.   

In warm days, shading is fundamental for the 
thermal comfort in buildings as well as natural 
ventilation. In the cooler days, the use of passive 
solar gains and controlled (minimum) ventilation is 
strategic for thermal comfort. Given the significance 
of global solar radiation, attention should be put to 
the thermal resistance of the building envelope, 
particularly regarding the solar gains from the roof. 
In addition, a degree of thermal mass can assist in 

moderating extreme temperatures, especially when 
coupled with night-time ventilation in the warmer 
period and solar access in the cooler period.  
 
 
 
3.2 Rio de Janeiro 

In the city of Rio de Janeiro, the average annual 
temperature is 23.6 °C (almost 4 °C higher than in 
Sao Paulo). February is the hottest month in Rio de 
Janeiro with an average minimum temperature of 
24°C and average maximum reaching 31°C, also the 
month with the most daily sunshine hours. This is 
essentially a warm and humid climate during the 
whole year round. The highest relative humidity 
levels occur in March (81.95 %) and the lowest in 
November (73.71 %).  

The average hourly horizontal global solar 
irradiation in the summer is 962 W/m2, following to 
591 W/m2, in the coolest month. Given the 
predominant warm and humid conditions, constant 
natural ventilation accompanied by shading are key 
building design strategies for thermal comfort in Rio 
de Janeiro during the whole year.  

As in the case of Sao Paulo, thermal mass can 
assist in moderating high temperatures, especially if 
coupled with night-time ventilation. Because of the 
significance of global solar radiation, in this case too, 
attention should be put to the thermal resistance of 
the building envelope, particularly regarding the 
solar gains from the roof. Here, no risk of thermal 
discomfort because of cold conditions is identified. 
 
4. BRAZILIAN STANDARD FOR THE THERMAL 
PERFORMANCE OF RESIDENTIAL BUILDINGS 

The Brazilian Standard for the thermal 
performance of residential buildings (NBR15220-3), 
which has been recently revised, is geared to social 
housing, to guarantee minimum thermal comfort 
conditions for this type of residential buildings [1].  
The design recommendations include size of 
openings, the need of shading and the specification 
of U Values of walls and roofs, which vary according 
to the specific conditions of each of the 8 
preestablished climatic zones in which the country is 
divided. The city of Sao Paulo is in Zone 3 and Rio de 
Janeiro is in Zone 8. 

Guidelines for Zone 3: External walls – Light-
weight and of reflective color, U Value ≤ 3,60 
W/m2.K; Roof - Light-weight insulated and of 
external reflective color, U Value ≤ 2,00 W/m2.K; 
Window apertures between 15 and 25% of the room 
floor area; Shading and cross ventilation in all rooms 
during the warm periods and passive solar gains for 
the cooler periods. 

Guidelines for Zone 8: External walls – Light-
weight and of reflective color, U Value ≤ 3,60 
W/m2.K; Roof - Light-weight and of external 

reflective color, U Value ≤ 2,30 W/m2.K; Window 
apertures > 40% of the room floor area; Shading of 
all apertures and cross ventilation in all rooms for 
the whole year; ventilation of roof-cavity.  
 
5. ENVIRONMENTAL TECHNICAL ASSISTANCE 

In the workshop of environmental technical 
assistance, Social Housing: Pictures and diagnostics 
in communities before and after Covid-19 [2], – after 
a tutorial workshop on design principles and visual 
syntax for image generation –, a set of over 50 
pictures including external and internal views of 
homes in favelas in the cities of Sao Paulo and Rio de 
Janeiro were sent by voluntary residents, which 
were examined by a group of environmental-
specialist designers.  

The images of the residential buildings showed a 
wide range of construction and design features of 
different environmental qualities and gathering a 
significant scope for practical interventions. As 
mentioned in the Methodology, the existing 
adequate environmental features, problems and 
potential solutions were systematized as Adequate 
Existing Features and In Need of Intervention. 

A group of four referential cases were selected to 
exemplify the applicability of this environmental 
technical assistance. See figures 3 to 6. In essence, 
the sample depict issues associated with the roof, 
external walls and windows. 

 
5.1. Referential cases  
5.1.1. Case 1: Shaded Roof-Terrace, Bare External 
Walls & Small Window 

 

 
 

Figure 3: Multi-story residential building cluster in the 
Favela of Paraisopolis, Sao Paulo, showing a sequency of 
shaded roof tops, bare brick walls and standardized 
aluminum windows.  

Adequate Existing Features:  
1. Roof-terrace: using top slabs as a terrace area 

creates opportunity for outdoor spaces, which can 
be more comfortably occupied in this climate when 
well shaded. Lesson: create outdoor spaces within 
the context of the residential building. 

2. Shaded terrace: the metal roofs over the 
terraces reduce solar gains from the last slab due to 
the shading effect. Lesson: Shade terrace-roofs. 

In Need for Interventions:  
3. Small-size standardized aluminum windows: 

with only half of the window area opened for 
ventilation, these windows are inefficient to 
promote cooling ventilation to the rooms, whilst also 
reduce daylight access and, consequently, lead to 
increased use of artificial lighting during the day. 
Suggestion: Change hinges of the windows to open 
both panels and double the ventilation area. 

4. External bare solid brick or hollow ceramic 
block walls: without external render, these walls 
facilitate heat gains mainly from impinging solar 
radiation (particularly intense in the North, East, 
West, Northeast and Northwest orientations), which 
can contribute to overheating in the warmer days of 
the year. It also facilitates heat losses during the 
cooler days (in the case of the Sao Paulo climate), as 
it means lack of insulation. Suggestion: rendering of 
external facades (of around 2,5 cm thick) and paint 
them with light colors. 

5. Metal-roof: when left in the natural grey color 
of the metal sheet (α = 0.40 to 0.65), the roof will 
absorb and irradiate a significant number of solar 
gains that can compromise the thermal comfort 
despite the shading. Ideally, the external side of a 
metal roof should be painted in a light color (α = 
between 0.20 to 0.10).  
 
5.1.2. Case 2: Metal-Roof, Bare External Walls & 
Small Window 
 

 
 
Figure 4: Multi-story residential building cluster in the 
Favela of Rocinha, Rio de Janeiro, showing a sequency of 
flat metal roofs, primarily bare brick walls and 
standardized aluminum windows. 

Adequate Existing Features:  
1. External walls rendered and painted white: 

help reducing solar gains through the opaque parts 
of the envelope as it increases reflectivity and 
insulation of the external walls. Lesson: Render and 
paint external walls with light colors. 

2. Windows with external shading panels: 
provide shading during hours of impinging solar 
radiation in the warmer periods of the year. Usually 
these kinds of panels (from standardized window 
frames) have perforations that allow for some 
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number of air-changes, keeping a constant flow of 
ventilation. Lesson: have external shading in 
windows (ideally, in all orientations, apart from due 
south).  
In Need for Interventions:  

3.  Low floor-to-ceiling heights: the proximity 
between the top height of the windows and the roof 
indicates a low floor-to-ceiling height which 
aggravates the compactness of internal spaces and, 
when coupled with the small ventilation openings, 
adds to overheating risks. In addition, the warmer 
layer of air stays close to the usable height and, 
therefore, to the occupants. In such spatial 
conditions, the likely scenario of metal roofs without 
internal slabs can compromise comfort and health 
conditions due to solar gains through the roof area 
alone.  

4. Small-size standardized aluminum windows: as 
in the previous case (5.1.1.). 

5. External bare solid brick or hollow ceramic 
block walls: as in the previous case (5.1.1.). 
 
5.1.3. Case 3: Roof-Terrace, Permeable Facades & 
Louvered Window 
 

 
 
Figure 5: Residential building in the Favela of Rocinha - 
use of perforated ceramic bricks and a shaded roof top. 

Adequate Existing Features:  
1. Roof-terrace: as in the previous case (5.1.1.). 
2. Shaded terrace: as in the previous case (5.1.1.). 
3. Louvered window: allows a constant 

ventilation flow (that removes heat and humidity) 
without the need of a relatively bigger opening, 
being suitable for bathroom areas. 

4. Perforated ceramic wall: this provides shading 
by filtering rather than blocking the global solar 
radiation, therefore, allowing daylight penetration, 
whilst keeping a constant rate of ventilation. The 
uninsulated and unglazed ceramic bricks absorb 
water from the rain (typical in the warmer periods of 
the year in Rio de Janeiro) which cool the immediate 
environments when reached by the sun by means of 
an indirect and passive evaporative phenomenon. 
Lesson: make external walls permeable to air 
movement, whilst blocking excessive penetration of 
solar radiation.  
In Need for Interventions:  

5. Bare cemented walls: has a similar negative 
effect to solar gains and heat losses as the external 
bare solid brick or hollow ceramic block walls, seen 
in the previous case (5.1.1.). 

6. Metal roof: as in the previous case (5.1.1.). 
5.1.4. Case 4: Occupied Roof Top 
 

 
 
Figure 6: Roof top of a residential building in the Favela 
of Paraisopolis - permanently opened kitchen. 

Adequate Existing Features:  
1. Roof-terrace: as in the previous case (5.1.1.). 

In this case, the occupation of the terrace with a full 
kitchen indicates the potential of semi opened 
spaces for domestic functions, in this climate, if 
shading is provided. Coupled with the shading, 
permanent and significant ventilation seems to be 
provided by the side-openings.  

2. Shaded terrace: as in the previous case (5.1.1.). 
In this case, without the shade provided by the metal 
roof, this particular use of the terrace would not 
have been possible.  
In Need for Interventions:  

3. Metal-roof: as in the previous case (5.1.1.). 
4. Terrace’s side openings: movable protection 

on the side-openings is necessary to protect the 
terrace from direct solar radiation on the warmer 
periods of the year and wind-driven rains.  

5.2. Key Findings 
The sample of referential cases indicate a few 

common features that dominate the self-built 
environment of the favelas in the cities Sao Paulo 
and Rio de Janeiro. In this context, common 
problems that contribute to potential high risks of 
overheating are: 1. The lack of facade treatment, 
revealing ceramic or solid earth brick walls without 
external rendering and paint. External rendering 
would help in reducing heat gains from impinging 
solar radiation on walls and roofs (by reducing U 
Values), whilst adding material protection against 
the typical tropical rain.  

The U value of bare solid bricks is 3,70 W/m2.K 
(very close to the recommendations), whereas the 
perforated ceramic brick without render is 
2.93  W/m2.K, reducing to  2,48 W/m2.K with render, 
improving the insulation; 2. Reasonable small 

windows (the same standardized aluminum-ased 
frame windows used for social housing 
developments across the country), with inefficient 
opening for the necessary ventilation, particularly 
during the warm periods of the year [5] and; 3. When 
covering open terraces, the negative impact of such 
thermally fragile roof construction is less but can still 
pose a threat to thermal comfort due to long-wave 
heat irradiation. 

On a more positive note, the shading of roof-
terraces creates a value opportunity to be outdoors 
and scape from the likely overheated internal spaces 
during days and nights, particularly during the 
warmer periods of the year. In addition, the 
occupation of terraces to expand the possibilities of 
daily life activities (such as those related to the 
kitchen) and allowing conventional indoor functions 
to happen in semi-outdoor spaces, points out to the 
need and preference for well ventilated spaces 
(whether they are indoors or outdoors) and; the 
application of perforated ceramic (and concrete 
blocks) create facades which are permeable to sun, 
daylight and air movement, whilst provide 
protection against the impact of solar radiation – a 
typical design strategy of iconic examples from the 
so called Brazilian Bioclimatic Modernism [4].  
6. FINAL CONSIDERATIONS 
     As a final product of the workshop Social Housing: 
Pictures and diagnostics in communities before and 
after Covid-19, an on-line open-access library was 
made available with the outcomes of the technical 
critical assessment of existing situations and the 
associated recommendations [2]. In this way, this 
project aligns with another current initiative -the 
Change (in Portuguese: Mude) digital platform, 
including design recommendations for daylight, 
ventilation and other aspects from thermal 
performance in the domestic space [9].  

As previously explained, the recommendations 
were based on both existing adequate features as 
well as new solutions where changes are needed to 
improve internal thermal and daylighting conditions. 
Overall, the recommendations for the interventions 
in the building fabric and components are applicable 
to residential buildings in other informal and self-
built settlements in the cities of Sao Paulo and Rio de 
Janeiro (where the references are from) as well as in 
other places of similar climatic conditions if material 
resources are compatible to the suggested building 
strategies. Ultimately, this pilot project 
demonstrates the practical efficiency of a 
participatory approach that addresses a socio-
environmental and inclusive design agenda, at the 
domestic level of local self-built communities. In this 
sense, the recommendation technically adequate 
simple and specific building interventions are 
opportunities for the occupants to choose from to 

improve their own living conditions. In sum, the main 
effort of this technical assistance was to incentivize 
and support the favela residents to “Change!” [9].  
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ABSTRACT: With the uncontrolled growth of urban agglomerations, cities have expanded urban planning 
requirements. This growth has directly reflected in the urban microclimate with severe consequences for the 
population. Thus, this work aims to analyse the climatic variables of temperature and relative humidity of the 
central part of a medium-sized city in the Amazon region. The methodology uses mobile transect to obtain data 
from the variables studied in two well-defined seasons, being dry and wet. Measurements took place in three 
different periods on three consecutive days. Based on the data obtained, maps of temperature and relative air 
humidity distribution were made. Thus, from the measurements by mobile transect, it can be observed that in 
the dry season in the afternoon, more significant variations in temperature and relative air humidity were 
recorded between the analysed points, with an average of 2.6 ºC of temperature and 4 % of air relative 
humidity. There was slight variation between the points; however, temperatures of up to 35.4°C and humidity of 
26.4% were recorded. Therefore, it is possible to draw guidelines that aim to minimize these high temperatures 
found through climatic knowledge. 
KEYWORDS: Urban climate, Climate change, Sinop city center.  
 
 

1. INTRODUCTION  
It is clear that population expansion, which 

occurred mainly from the Industrial Revolution, 
contributed to changes in local climatological 
factors since it increased the consumption of 
natural resources and industrialization. In a 
disorderly way, this expansion alters the balance of 
the natural climate, contributing to the formation of 
the local urban climate. 

The main factors related to climate change, such 
as an increase in temperature and a decrease in 
relative humidity, are mainly characterized by the 
thermal properties of construction materials, urban 
morphology, and the proportion between green 
and built areas. In addition, these climate changes 
produce adverse conditions for human health since 
bioclimatic stress can harm the productivity and 
health of the population due to thermal discomfort 
[1]. 

Thus, it becomes necessary to monitor 
meteorological aspects in urban areas, in the 
interior, and the surroundings of cities. This 
monitoring should contain climatological data that 
contribute to urban design tools and guidelines for 
different climatic zones and land use classes [2]. 

Based on the above, since Sinop is a city located 
in the north of Mato Grosso and is undergoing a 
process of accelerated growth, it is necessary to 

obtain climatic knowledge of this region in order to 
develop strategies for urban planning that minimize 
the harmful effects of climate change on the urban 
environment. 

It is important to note that the concept of scale 
in studies related to urban climate is fundamental 
for carrying out analysis of measurements, “so that 
they become representative tools of the 
meteorological environment, rather than the 
climate in general, and provide data and support to 
the application needs in urban design and planning” 
[3]. 

According to these authors [3], the changes 
imposed by the urban climate can be observed at 
various scales. They recognize that studies of this 
type use a hierarchical order of scope, often framed 
in the regional climate scale, or macroscale, related 
to meteorological properties; the scale of changes 
due to orography, or mesoscale; and scale of 
changes caused by buildings, or microscale. 

Here is presented the case of Sinop city, located 
in the Legal Amazon region in Brazil, which is 
undergoing an accelerated growth process, pointing 
the necessity to obtain climate information, in order 
to develop strategies for urban planning that 
minimize the harmful effects of climate change in 
the urban and rural environment that has been 
taking place. 

 

This article aims to evaluate the possibility of 
using a specific methodology to obtain 
climatological data from on-site measurements, 
supported by mapping the conditions of use and 
occupation of urban land, according to the method 
proposed by Sanches (2015). 
 
2. MATERIALS AND METHODS 

The municipality of Sinop is located in the 
northern region of the State of Mato Grosso, with a 
latitude of 11.86°S and a longitude of 55.5° W. 
Belongs to the area known as Legal Amazon. 
However, it is also influenced by the Cerrado 
(Savanah) biome. 

The research is based in this city through the 
methodology developed by Sanches (2015) [4], 
making it possible to produce maps of the 
temperature and relative humidity of Sinop through 
a mobile transect (Figure 01). 

The mobile transect path is determined from 
the characterization of the region based on WMO 
(2008) [5] according to studies by Professor T. R. 
Oke. In this classification, essential characteristics 
are observed, aiming at aspects related to the land 
use and occupation, the presence of vegetation and 
water bodies, the presence of infrastructure, 
building layout, soil cover, permeability, and 
population density [4]. 

 
Figure 1:  

Distribution map of measurement points for the Sinop 
city center transect. [4] 

 
 
The measurements of the meteorological 

variables took place in two representative seasons 
for this region. Firstly, in the hot and dry season 
characterized by July and August of 2013 and later 
in the hot and humid season represented by 
February and March of 2014. 

 The survey took place over three working days 
with stable weather conditions. The route lasted 
approximately 35 minutes for three consecutive 
days in each season under analysis. The times 

defined for the measurements were at 08:00, 
14:00, and 20:00 hours, representing the periods 
after sunrise, the hottest period of the day, and the 
period after sunset. 

 The equipment used for the mobile 
measurements was a compact set of sensors from 
the Vantage Pro2 station by Davis Instruments. This 
station comprises two main units, an integrated set 
of sensors, and a console for presenting and 
recording the data obtained. The communication 
between these two units takes place through a 
“wireless” system with a maximum range of 300 
meters [6]. 

This integrated set of sensors contains a rain 
collector, a temperature/humidity sensor and an 
anemometer. The temperature/humidity sensor is 
mounted inside a radiation shield to minimize the 
impact of solar radiation on the readings. 

Based on the information produced in the 
analysis of the city, the hottest area with the 
highest concentration of urban activities is 
identified. Therefore, it is sought to conduct specific 
research in this delimited area and use a more 
significant number of measurement points (Figure 
2). 

It starts with the characterization of this region, 
observing aspects related to the use and occupation 
of the soil, the presence of vegetation and bodies of 
water, the presence of infrastructure, building 
layout, soil cover (with emphasis on permeability), 
and density populational. 

Again, the maps, graphs, and arguments 
produced from the information collected are 
analysed. This analysis derives the definition of 
measurement points representative of the different 
spatial configurations in the selected area. A new 
transect is then carried out, recording the same 
variables described above, with subsequent data 
processing and making maps of the behaviour of 
temperature and relative humidity. 

 A new analysis of the conditions found in the 
delimited area is made, with the same premises 
described above, in order to show, on a smaller 
scale and in greater detail, influences of the built 
environments in the formation of microclimates in 
the city.  

It is important to emphasize that this step was 
disregarded in elaborating maps for climate analysis 
and recommendations for urban planning, as will be 
discussed later. 
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Figure 2:  
Diagram of the proposed methodology on the scale of 

the central region of the city. 
 

 
 
Measurements were made at each season and 

at a given time, with the car at a speed of 40 km/h, 
requiring at least two minutes to wait at each point 
of analysis to stabilize the equipment. After this 
period, the value of the temperature and relative 
humidity variables and the exact minute of the 
record are recorded, which are shown through the 
console inside the car. 

Subsequently, after collecting and correcting the 
data, maps were generated using the kriging 
method, using the SAGA GIS geostatistics software, 
in which the corrected temperature and relative 
humidity averages of the three days of 
measurements in each period were inserted. In this 
way, temperature and humidity distribution maps 
were obtained separately for the three morning, 
afternoon, and night periods. 

Therefore, from the information of the land use 
and occupation map, the density map of the studied 
area, and the maps of distributions of air 
temperature and relative humidity of the three 
periods, it was possible to verify the points with 
more considerable climatic alterations in the center 
of the city of Sinop-MT. 

 
3. RESULTS  
 
3.1 Analysis Sinop city center 

From the analysis of the land use and 
occupation map of the central part of the city of 
Sinop-MT (Figure 3), it was observed that Av. dos 
Mognos and the adjacent streets concentrate the 
most significant number of commercial 
establishments. In the other blocks, residential use 
is intense. It was also noted a large number of 
unoccupied lots in this region, evidencing the real 
estate speculation, present even in the oldest and 
busiest region of the city. 

 
 
 
 
 
 

Figure 3:  
Land use maps of downtown Sinop-MT 

 
 
Regarding the population density map (Figure 

4), it is evident that the region is no longer densely 
occupied by inhabitants; however, it is observed 
that, in all the censused sectors, there is always the 
presence of dwellings, even along Av. dos Mognos 
(predominantly commercial). Mixed-use 
(commercial and residential in the same unit) is also 
quite frequent, contributing to the central region's 
occupation, even if small. 

 
Figure 4:  

Population density map of the city center of Sinop-MT. 

 
 
The map of urban structures, organized 

according to their ability to impact the climate 
(Figure 5), shows that in the city center, there is a 
relative heterogeneity of occupations. Mainly along 
the axis of Av. dos Mognos and adjacent streets, 
along the axis of Av. dos Tarumãs, there are the 
most developed areas with the highest density. On 
the other hand, open areas are still found, with 
scattered buildings and a specific concentration of 
vegetation, as is the case of the city's Cathedral and 
Bíblia square. 

 

 

Figure 5:  
Map of urban structures with impact on climate for 

Sinop city center. 

 
 

3.2 Climate Analysis  
In the dry season in the morning period, slight 

variation was observed in the average values of air 
temperature between the points of the transect. 
Point 14 recorded 21.7°C and point 1, 21.2°C on 
average, the difference being only 0.5°C. The most 
significant temperature difference recorded 
between the measurement days took place on 
08/29/2013 when point 14 recorded 20.4°C, and 
point 1 recorded 19.5°C, with a difference of 0 .9°C, 
also significantly reduced. This panorama is 
repeated with the values of relative humidity of the 
air. Only 3% on the average variation was observed, 
between points 11 and 14. 

From the observation of the maps of average 
distribution of temperature and relative humidity, 
for the morning period in the dry season (Figure 6), 
it is possible to verify the tendency of temperature 
increase in the South of the central region, 
influenced by Av. dos Tarumãs, and a decrease in 
relative humidity values to the East, influenced by 
Highway BR-163. Noted the formation of a small 
region with lower temperatures to the West of the 
Center (near the UNEMAT Reserve), covering points 
1 and 2, and a small region (in Bíblia square), 
covering points 10 and 11. In all cases, it is observed 
that such changes are very mild, almost 
imperceptible, demonstrating the low impact of 
land use and human activities on this evaluation 
scale and in this period. 

 
 
 
 
 
 
 
 
 
 

Figure 6:  
Maps of average distribution of air temperature (a) 

and distribution of relative humidity (b) for the Sinop city 
center on the average of measurement days in the 
morning period of the station 

 
In the afternoon of the dry season, more 

significant variations are observed in the average 
values of temperature and relative humidity of the 
air between the transect points. Point 14 recorded 
34.2 °C and pointed 1, 31.6 °C on average, with a 
difference of 2.6 °C. The most considerable 
temperature difference recorded between the 
measurement days occurred on the second day, 
when point 11 recorded 35.4 °C, and point 1 
recorded 32.0 °C, with a difference of around 3.4 °C. 
Quite expressive. Regarding the relative air 
humidity values, 4% of the average variation was 
observed between points 1 and 14, with the most 
significant difference recorded on the third day of 
measurement, when, between points 1 and 14, the 
difference was in the order of 6%. 

The maps of the average distribution of 
temperature and relative humidity in this period 
(Figure 7) show the trend of increasing temperature 
to the south of the central region and a warmer 
region covering points 6, 7, 8, 11, 12, and 13. On the 
other hand, the trend of decreasing relative 
humidity values is configured in the Southeast 
direction, in the same way as in the surroundings of 
point 13. 

Here we can see the evident influence of the 
UNEMAT Reserve and the Forest Park in the 
decrease in temperature values and the increase in 
relative humidity values. 

 
Figure 7:  

Maps of average distribution of air temperature (a) 
and distribution of relative humidity (b) for the Sinop city 
center on the average of measurement days in the 
afternoon of the dry season 
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At night, few variations are observed in the 
average temperature and relative humidity values 
between the transect points. Point 10 recorded an 
average of 27.9 °C and pointed 1, 27.0 °C, with a 
difference of 0.9 °C. The most considerable 
temperature difference recorded between the 
measurement days was recorded on the second day 
when point 10 recorded 28.3 °C, and point 1 
recorded 27.2 °C, the difference being 1.1 °C, not 
very expressive. Regarding the relative air humidity 
values, a 3% average variation was observed 
between points 1 and 14, with the most significant 
difference recorded on the second day of 
measurement and between points 1 and 14, with a 
difference of 5%. 

Observing the maps of the average distribution 
of temperature and relative humidity in this period 
(Figure 8), it is possible to verify the tendency of 
temperature increase in the south of the central 
region and the tendency to decrease the relative 
humidity values in the east direction. Once again, 
the apparent influence of the UNEMAT Reserve and 
the Florestal Park in the decrease in temperature 
values and the increase of relative humidity values 
are verified. 

 
Figure 8:  

Maps of average distribution of air temperature (a) 
and distribution of relative humidity (b) for the Sinop city 
center on the average of measurement days in the night 
period of the dry season. 

 
 
In the rainy season, there was also a slight 

variation in the average air temperature values 
between the transect points in the morning. Point 3 
recorded 26.6°C and point 7, 26.3°C on average, the 
difference being only 0.3°C. The most significant 
temperature difference recorded between the 
measurement days took place on 03/19/2014 when 
point 3 recorded 27.6°C, and point 10 recorded 
27.0°C, with a difference of 0 .6°C, also significantly 
reduced. This panorama is repeated concerning the 
values of relative humidity of the air. Only 3% of the 
average variation was observed between points 4 
and 7. 

From the observation of the maps of the 
average distribution of temperature and relative air 
humidity, for the morning period in the rainy 
season (Figure 9), it is possible to verify the 

tendency of increase of temperature to the West of 
the central region and of decrease of the values of 
relative humidity to the East, influenced by Highway 
BR-163. Noted the formation of a small region with 
lower relative humidity covering points 2, 4 and 5, 
in the vicinity of Plínio Callegaro square. 

As in the previous season, it is observed that 
such changes are very mild in the morning, almost 
imperceptible, demonstrating the low impact of 
land use and human activities on this assessment 
scale and in the evaluated period. 

 
Figure 9:  

Maps of average distribution of air temperature (a) 
and distribution of relative humidity (b) for the Sinop city 
center on the average of measurement days in the 
morning of the rainy season. 

 
In the afternoon of the rainy season, there are 

few variations in the mean values of temperature 
and relative humidity between the transect points. 
Point 12 recorded 32.8°C and point 1, 32.1°C on 
average, with a difference of 0.7°C. The most 
significant temperature difference recorded 
between the measurement days took place on 
03/17/2014 when point 12 recorded 32.9°C, and 
point 1 recorded 31.7°C, with the difference in the 
order of 1.2°C. Regarding the values of relative air 
humidity, an average variation of 3% was observed, 
between points 1 and 5, with the greatest 
difference recorded on 03/17/2014, when, between 
points 1 and 5, the difference was on the order of 
5%. 

The maps of the average distribution of 
temperature and relative humidity in this period 
(Figure 10) show the trend of increasing 
temperature in the South of the central region and 
decreasing relative humidity values in the East 
direction, forming a less humid region 
encompassing points 2, 4, 5, 6, 8, and 10. 

Once again, the evident influence of the 
UNEMAT Reserve and the Florestal Park on the 
decrease in temperature values and the increase in 
relative humidity values can be observed. 

 

 

Figure 10:  
Maps of average distribution of air temperature (a) 

and distribution of relative humidity (b) for the Sinop city 
center on the average of measurement days in the 
afternoon of the rainy season. 

 
 
At night, few variations are observed in the 

average temperature and relative humidity values 
between the transect points. Point 1 recorded an 
average of 27.7 °C and point 14, 27.2 °C, with a 
difference of only 0.5 °C. The most significant 
temperature difference recorded between the 
measurement days was recorded on 03/18/2014 
when point 1 recorded 28.6 °C, and point 14 
recorded 27.2 °C, with a difference of 1.4 °C, very 
close to that recorded in the dry season. Regarding 
the relative humidity values, there was an average 
variation of 3%, between points 1 and 14, with the 
largest difference recorded on 03/18/2014, also 
between points 1 and 14, in a difference of an order 
of 8%. 

Observing the maps of the average distribution 
of temperature and relative humidity in this period 
(Figure 11), it is possible to verify the trend of 
temperature increase and decrease relative 
humidity values in the North of the central region. It 
is also possible to observe the low influence of the 
UNEMAT Reserve and the Florestal Park on the 
decrease in temperature values and the increase in 
relative humidity values, with a notably wetter 
region encompassing points 11, 12, 13, and 14. 

 
Figure 11:  

Maps of average distribution of air temperature (a) 
and distribution of relative humidity (b) for the Sinop city 
center on the average of measurement days in the night 
period of the rainy season. 

 
 
4. CONCLUSION 

Since the measurements carried out took place 
in two well-defined stations in the municipality of 
Sinop, it was clear in this research that the option 

for data collection at the height of the dry and rainy 
periods represents regional climatic differences. 

In addition, the methodology developed by 
Sanches (2015) [4] for assessing the urban climate 
of small cities using mobile transects, to assess the 
climatic differences of smaller portions of the city 
was effective. 

Finally, it was found that there was little 
variation in temperature and relative humidity 
between the points, both in the dry and in the rainy 
season. However, high temperatures and low 
relative humidity were recorded in the central part 
of the city, so, based on this climate knowledge, it is 
possible to elaborate guidelines that aim to reduce 
harmful weather effects in this area. 
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ABSTRACT: The aim of this paper was to assess the efficiency of thermal insulation application for thermal-
energy performance of Brazilian social housing. This study evaluated through computer simulation a 
representative project designed with Expanded Polystyrene (EPS) application for the building’s envelope while 
addressing the impact of climate change. The performed simulations were based on the EnergyPlus software 
coupled with jEPlus parametrization and jEPlus+EA Optimization tools. The Climate Change World Weather File 
Generator tool was used to produce weather data for future climate scenarios. The multi-objective 
optimizations, using the Non-dominated Sorting Genetic Algorithm II (NSGA-II), focused on improving indoor 
thermal comfort whilst reducing the building energy demand. The building envelope optimization considered 
different parameters as the building’s orientation, glazing solution, and EPS thickness. Thus, the intent was to 
show that the EPS application in the building envelope can provide indoor thermal comfort and energy savings, 
for Brazilian climate regions that mainly require cooling systems. 
KEYWORDS: Optimization, Thermal Insulation, Social Housing, Climate Change, Energy Efficiency 
 
 

1. INTRODUCTION 
In Brazil, it is estimated that the country has a 

deficit of 6 million housing units (Fundação João 
Pinheiro, 2018). Thus, in 2009, the Federal 
Government created the “My House, My Life” 
program to facilitate house access for low-income 
families (Hehl et al., 2014). The program focused on 
a standardized model for the whole country to 
reduce costs and accelerate the construction 
process. Consequently, the result led to low quality 
buildings, which do not meet the users’ needs in 
many ways, especially in terms of thermal comfort 
and energy performance (Dalbem et al., 2019).  

Discussions about energy efficiency in Brazil are 
extremely recent (Cruz et al., 2020). The NBR 15220 
was the first Brazilian standard published in 2005 
that provides constructive guidelines and 
bioclimatic strategies to assess the social housing 
thermal performance (ABNT, 2005). Later, the NBR 
15575, published in 2008, established the 
requirements and performance criteria applicable 
to residential buildings in the project phase (ABNT, 
2013). Finally, the Technical Quality Regulation for 
the Energy Efficiency Level for Residential Buildings 
(RTQ-R), published in 2010, indicates technical 
requirements for building classification from the 
highest to the lowest energy efficiency, on a scale 
rank from “A” to “E”, respectively (RTQ-R, 2012). 
Although regulations have evolved in recent years, 
buildings represent 50% of total electricity demand 

in Brazil, with residential sector as the largest 
consumer, accounting for 25% (MME, 2019). 

Parallel to this, there is a growing concern about 
climate change as a potential threat to increase 
buildings' energy demand and dependence on the 
HVAC system (Lamberts et al., 2014). Based on 
simulations using future weather files, several 
studies have shown that the use of adaptation 
measures, such as windows with shading devices, 
low solar absorptances for the envelope coating 
and the use of insulation, are essential to reduce 
the impact of climate change on building’ thermal-
energy performance (Cruz & Cunha, 2021; Invidiata 
& Ghisi, 2016; Triana et al., 2018). 

Thermal insulation is one of the most effective 
ways of saving energy in buildings (Lamberts et al., 
2014). For the envelope, Expanded Polystyrene 
(EPS) is a common approach worldwide, and stands 
out for numerous advantages like being recyclable, 
its lightness, its easy application, the prevention of 
mould and moisture, and it does not spread flame 
(Smakosz & Tejchman, 2014). Modular 
prefabricated EPS panels can provide low thermal 
transmittance values, and reduce heat exchange 
with the external environment, acting as a passive 
design strategy to reduce HVAC energy demand. 
But at the same time, high levels of thermal 
insulation can promote overheating by blocking the 
indoor heat dissipation in regions that are mainly 
requiring cooling systems, unless appropriate 

 

measures to improve thermal comfort are adopted 
(Cruz & Cunha, 2021). 

Therefore, the objective of this study was to 
assess the efficiency of thermal insulation 
application for the thermal-energy performance of 
Brazilian social housing. This study considered 
computer simulations for a single-family housing 
with EPS application while addressing the impact of 
climate. The performed simulations were based on 
EnergyPlus software coupled with jEPlus 
parametrization and jEPlus+EA Optimization tools. 
The Climate Change World Weather File Generator 
tool was used to provide future climate weather 
data. The multi-objective optimizations employed 
the Non-dominated Sorting Genetic Algorithm II 
(NSGA-II) focused on improving indoor thermal 
comfort, whilst reducing building’ energy demand. 
The building envelope optimization considered 
some parameters as building’s orientation, glazing 
solution, and EPS thickness. Thus, the intent was to 
identify if the application of EPS in the building 
envelope can provide both indoor thermal comfort 
and energy savings, for Brazilian climate regions 
that mainly require cooling systems.  
 
2. METHOD 

As a case study, it was analyzed a representative 
single-family housing project from the Brazilian 
program “My house, my life”, located in the city of 
Rio de Janeiro – Brazil. The method followed 
presented four sections. The first one (2.1), by 
means of the CCWorldWeatherGen tool, the 
weather files were modified and evaluated for 
future climate scenarios such as 2050, and 2080. 
The next section (2.2) concerned the base case 
simulation using the EnergyPlus software. The 
thermal envelope solution met the minimum 
requirements established by the NBR 15575 
standard, in order to verify its thermal-energy 
conditions. In the third section (2.3), using the 
EnergyPlus software coupled with jEPlus 
parametrization and jEPlus+EA Optimization tools, 
the energy model was optimized for a future 
climate (2080), besides the current climate 
scenario. The established optimization process 
varied three parameters for the envelope from the 
base case: building’s orientation, glazing solution, 
and thermal insulation thickness of the wall and 
roof. Based on the NSGA-II algorithm, the multi-
objective simulation focused on minimizing the 
cooling energy demand and discomfort hours of the 
model. The last section (2.4), introduced a 
comparison and analysis for the three models’ 
simulations performed with the future weather file 
(2080): NBR 15575 model; optimized model for the 
current scenario (TRY format); and the optimized 
model for this future scenario (2080). 

2.1 Future climate scenarios 
This research considered future climate 

scenarios to evaluate the impact of climate change. 
According to previous studies (Cruz & Cunha, 2021; 
Invidiata & Ghisi, 2016; Triana et al., 2018), the tool 
known as CCWorldWeatherGen can be used to 
generate future climate scenarios (SER Group, 
2012). The tool is a Microsoft Excel based 
instrument that uses EnergyPlus Weather file (EPW) 
files to generate future weather data for any 
location in the world, in the A2 emissions scenario 
for 2020, 2050, and 2080. The research was based 
on the A2 scenario from the IPCC Third Assessment 
Report that is considered to be the current trend in 
the world (high emission scenario) (Triana et al., 
2018). Following the NBR 15220, the Brazilian 
territory presents eight Bioclimatic Zones (BZ), 
being BZ 8 classified as the hottest zone (ABNT, 
2005). To evaluate the effects of climate change in 
Brazilian hottest regions, it was considered the city 
of Rio de Janeiro located in the BZ 8. The weather 
files from Rio de Janeiro - Brazil in Test Reference 
Year (TRY) format available at Energy Efficiency in 
Buildings Laboratory (LABEE, 2021) was inserted 
into CCWorldWeatherGen tool. The Rio de Janeiro 
climatic parameters are presented in Table 1. 
 
Table 1:  
Weather data of Rio de Janeiro (LABEEE, 2021).  

Koppen 
Geiger 

Dry bulb temperature (°C) Relative 
humidity (%) 

Average Max Min Average 
Aw 25 30 21 78 
 

2.2 The NBR 15575 model 
The chosen project of a single-family housing 

typology for the low-income sector come from 
previous studies (Hehl, 2014; Triana, 2015). The 
house has a net area of 43 m² which is equivalent to 
the minimum area set by the “My House, my Life” 
program. The one-floor house model consists of 2 
bedrooms, a living-room, a bathroom, a ceiling 
height of 3m, facing north-south, and a fenestration 
area of 6m². Figure 1 showed the social housing 
floor plan, and section of the single-family house. 

 
Figure 1: 
Low-income housing model. 
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The assumed envelope characteristics as 
thermal transmittance, solar absorptance, and solar 
factor values for the project are shown in Table 2. 
All of them followed the Brazilian guidelines for BZ 
8, and configurated the base case, named here as 
the NBR 15575 model (ABNT, 2013). 
 
Table 2:  
NBR 15575 model description (ABNT, 2013) 

Element Description U 
(W/m²K) 

SA 
(%) 

SF 
(%) 

Wall - ceramic brick with 
plaster 2.50 20 - 

Glass - 3mm 5.80 - 86 
Floor - Concrete slab + 
ceramic tiling 3.40 20 - 

Roof – Cement fiber sheet 
with ceiling wood 2.20 60 - 

Note: U = Thermal transmittance; SA = Solar absorptance; 
SF = Solar Factor  

The numerical model was configurated with the 
standard values presented in the RTQ-R for: 
occupancy, lighting, equipment, natural ventilation 
and air-conditioning system (RTQ-R, 2012); and five 
thermal zones: living-room, bathroom, bedroom 1, 
bedroom 2, and the attic. It was also considered a 
minimum occupancy of two people per bedroom 
(BR) and four people in the living room (LR). The 
lighting schedule followed the occupancy schedule 
for each room according to Figure 2, respectively. 
 
Figure 2:  
Occupancy and lighting schedules (RTQ-R, 2012). 

 
The people’s metabolic rates considered for the 

living room and bedrooms were 108 W/person, and 
81 W/person, respectively. The installed power 
density for lighting considered in the living room 
and bedrooms were 5 W/m², and 6W/m², 
respectively. In addition, a constant internal load 
density of 1.5 W/m² for the living room was 
considered for the period of 24h (RTQ-R, 2012). 

Two conditions were configured based on RTQ-R 
guidelines: a) naturally ventilated mode; and b) air-
conditioned mode. The naturally ventilated model is 
done using the airflow network object in EnergyPlus 
defined as happening 24h per day throughout the 
whole year. In order to feature the ASHRAE 
Adaptive Comfort model (ASHRAE, 2013), window 
opening occurs automatically when the indoor air 
temperature is equal or greater than the 

thermostat trigger temperature, 20°C (Tint ≥ Tsetpoint), 
and when the internal air temperature is higher 
than the external temperature (Tint ≥ Text) (Dalbem 
et al., 2019). Regarding to the second simulation 
mode, an air-conditioning system was configured to 
predict the energy demand for the whole year and 
identify building's dependence of air-conditioning 
to achieve thermal comfort conditions. This mode 
came from the package Terminal Heat Pump 
available in EnergyPlus and established for all main 
rooms. The air-conditioning system was defined for 
a long-stay room occupation similar to the 
occupancy schedule with a setpoint of 20°C for 
heating and 25°C for cooling, according to the 
regulation RTQ-R. The heating and cooling system 
had a performance ratio (COP) of 3.00 (RTQ-R, 
2012). 
 
2.3 Optimization process 

As mentioned before, two conflicting objectives 
were involved simultaneously during the 
optimization process. The intent was to minimize 
the amount of discomfort hours and the cooling 
energy demand for the case study based on design 
variables. The simulation process utilizes   
EnergyPlus software coupled with jEPlus 
parametrization and jEPlus+EA optimization tools.  

The NSGA-II algorithm, employed in this study, 
creates a random population based on the design 
variables ranges given as model inputs (Gou et al., 
2018). It evaluates the fitness functions obtained 
with the initial population and ranks solutions 
based on non-dominated sorting. Afterward, the 
algorithm crossovers and mutates selected 
solutions to create the next generation, and applies 
elitism to the best individuals from parents’ 
chromosomes. Individuals with a higher rank and a 
larger crowding distance are selected as the new 
parents for crossover and mutation to generate the 
new generations of children (Gou et al., 2018; 
Linczuk & Bastos, 2020). The process runs until it 
reaches a final condition or stops if the number of 
solutions found is enough. In the applied NSGA-II 
algorithm, the population size of 50 was chosen 
with crossover rates equal to 1, mutation rates 
equal to 0.2, tournament size equals to 2, and 
generations set to 100, respectively (Linczuk & 
Bastos, 2020).  

 For the optimization process, two climate 
scenarios were considered: the current climate 
scenario (TRY format) and the future climate 
scenario (2080). Thus, two distinct optimization 
processes were performed considering the design 
variables described in Table 3. 

 
 
 

 

Table 3:  
List of design variables used in the optimization process. 
id Description Box constraints 

0 Building long axis 
azimuth (º) 0 - 315 (step 45) 

1 Glazing U-value 
(W/m2K) 

1.02, 1.64, 2.27, 2.89,3.51, 
4.13, 4.76, 5.38, 6 

2 Glazing SHGC 0.19, 0.28, 0.37, 0.46, 
0.54, 0.63, 0.72, 0.81, 0.90 

3 External walls EPS 
thickness (m) 0.00, 0.06, 0.08, 0.10, 0.12 

4 Roof insulation 
thickness (m) 0.00, 0.06, 0.08, 0.10, 0.12 

 
3. RESULTS 
3.1 Future climate of Rio de Janeiro - Brazil  

The average values of air temperature, relative 
humidity, and global horizontal radiation, 
respectively for the TRY, 2050, and 2080 climate 
files of the city of Rio de Janeiro generated by the 
CCWorldWeatherGen tool are indicated in Table 4.  

 
Table 4:  
Weather data for future climate scenarios. 

Climate metric TRY 2050 2080 
Dry Bulb Temperature (◦C) 23.5 25.2 26.5 
Relative Humidity (%) 82.6 89.1 93.4 
Global Horizontal Radiation 
(Wh/m²) 207.9 214.7 220 

 
The annual mean outdoor air temperature will 
increase by 3°C, the annual mean relative humidity 
will decrease by 10.8%, and the annual mean global 
horizontal radiation will increase by 12.1 Wh/m², 
until 2080. 
 
3.2 The NBR 15575 Model performance 

Following the described method, the results for 
the thermal-energy performance of NBR 15575 
model for current and future climates, under 
natural ventilation and using a HVAC system, are 
indicated in Figure 3.  For the natural ventilated 
mode, the metric evaluated was the yearly 
discomfort hours (h), and when considering the 
HVAC system, the metric evaluated was the yearly 
cooling energy demand (kWh/ym2).  
 
Figure 3:  
Cooling energy demand and discomfort hours for the low-
income house and RTQ-R model. 

 

As expected, the number of discomfort hours 
will increase in the coming decades, and 
consequently, the dependence on the HVAC 
system. The annual discomfort hours will increase 
about 100 hours and the cooling energy demand 
will double by 2080. 
 
3.3 Optimization process 

The multi-objective optimization was performed 
to find optimal design solutions for the NBR 15575 
model in terms of comfort hours and energy 
demand. The multi-objective optimization study 
considered the TRY weather file and the 2080 
future scenario by generating a series of optimal 
solutions called Pareto-front. All results and optimal 
solutions in the Pareto-front are presented in Figure 
5. At first, it is possible to conclude that in 2080, 
despite the design solution, residents will consume 
more energy and suffer more discomfort than in the 
TRY scenario. 
 
Figure 5:  
Optimization results for TRY weather file (a) and 2080 
weather file (b) - discomfort vs. cooling energy demand. 

 
 

Based on parallel coordinates, Table 5 
complemented Figure 5 and showed the results for 
the three best solutions configurations depicted 
from the Pareto-front for the TRY and 2080 
scenarios.  

 
Table 5:  
The three best solutions configurations from the Pareto-
front for the TRY and 2080 weather files. 
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id TRY 2080 
1º 2º 3º 1º 2º 3º 

0 180 180 180 225 225 225 
1 4 6 6 1 1 1 
2 0.5 0.5 0.6 0.3 0.5 0.6 
3 0.06 0.08 0.08 0.1 0.12 0.08 
4 0.06 0.08 0.06 0.1 0.1 0.1 
       

In all solutions, using EPS as thermal insulation 
in the roof and walls was preferred. Based on Table 
5, in the future, the thickness increase for thermal 
insulation will ensure better performance. 
Moreover, high-performing glass, greater sun 
protection (SHGC), and low thermal transmittance 
(U-Value) will be essential in residential projects. 

 
3.4 Comparative analysis of the Models 

Finally, the three models were examined by 
simulation means, for the future weather file 
(2080): the NBR 15575 model; the best optimized 
model for the current scenario (TRY format); and 
the best optimized model for the future scenario 
(2080). The configuration of these models is 
described in Table 6. 

 
Table 6:  
The final solutions configuration. 

id NBR 15575 
Model 

TRY Optimized 
Model 

2080 Optimized 
Model 

0 0 180 225 
1 5.8 4 1 
2 0.86 0.5 0.3 
3 0 0.06 0.1 
4 0 0.06 0.1 
    

The thermal-energy performance for each 
model: under natural ventilation and the use of an 
HVAC system, are presented in Figure 6. Similar to 
the first section, the metrics evaluated are the 
yearly discomfort hours (h), and the yearly cooling 
energy demand (kWh/ym2).  
 
Figure 6:  
Cooling energy demand and discomfort hours for the 
Optimized models. 

 
 
As expected, Figure 6 presented the optimized 

model of 2080 as the one with the best 
performances. These results confirmed that future 

climate scenarios are required to evaluate new 
design solutions. In addition, both optimized 
models indicated a decrease of discomfort hours 
and energy consumption compared to the NBR 
15575 model.  The TRY Optimized model and the 
2080 Optimized model were able to reduce 
discomfort hours by 28% and 54%, respectively. In 
terms of cooling demand, the models were able to 
reduce the energy demand by 10% and 17%, 
respectively. This optimization study emphasizes a 
revision of the construction guidelines of NBR 
15575 to consider future climate scenarios. 
Furthermore, the adoption of thermal insulation on 
walls and roof, combined with high-performance 
glass, proved to be a promising alternative for 
climate change in the Brazilian climate regions that 
mainly require a cooling system like the city of Rio 
de Janeiro. 

 
4. CONCLUSION 

Discussions about energy efficiency in Brazil are 
extremely recent, and although regulations have 
evolved in recent years, the residential sector is still 
the largest consumer of electricity in the country. 
Parallel to this, there is a growing concern about 
climate change as a potential threat to the 
increasing buildings' energy demand and 
dependence on HVAC system. Thus, the purpose of 
this paper was to optimize the application of 
thermal insulation in social housing located in Rio 
de Janeiro - Brazil to reduce the impact of climate 
change on the thermal-energy performance of the 
residential sector. 

As considered, the first section consisted of 
using the CCWorldWeatherGen tool, to modify 
weather files for future climate scenarios. By 2080, 
there would be: an increase of 3°C for the annual 
mean outdoor air temperature, 10.8% increase for   
yearly mean relative humidity, and 12.1Wh/m² 
increase for the yearly mean global horizontal 
radiation. In the second section, thermal-energy 
performance of the NBR 15575 model for current 
and future climates were assessed. Results indicate 
a 10% increase in the number of discomfort hours 
and the double by 2080 for the cooling energy 
demand if we continue to follow the Brazilian 
standards. The third section, related to multi-
objective optimization emphasized optimal design 
solutions for the NBR 15575 model. Thus, it was 
possible to say for the future climate conditions, the 
increase of the thermal insulation thickness will 
ensure better building performance. In addition, 
high-performing glass, greater sun protection 
(SHGC) and low thermal transmittance (U-Value) 
will be essential in residential projects. Finally, in 
the last section, focused on the simulation of three 
models under a future scenario (2080): NBR 15575 

 

model; best optimized model for the current 
scenario (TRY format); and best optimized model 
for 2080. Results indicated that future climate 
scenarios are required to evaluate buildings’ 
performance with new design solutions. Moreover, 
both optimized models showed a reduction of 
discomfort hours and energy consumption when 
compared with the NBR 15575 model. The TRY 
Optimized Model and the 2080 Optimized Model 
were able to reduce discomfort hours by 28% and 
54%, respectively. In terms of cooling demand, the 
models were able to reduce the energy demand by 
10% and 17%, respectively. The optimization 
developed indicated the need to review the 
constructive guidelines of NBR 15575 based on the 
future climate impact. Furthermore, the adoption 
of EPS thermal insulation on walls and roof, 
combined with high-performing glass, proved to be 
a promising alternative for Brazilian climate regions 
that are mainly requiring a cooling system like the 
city of Rio de Janeiro. 
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ABSTRACT: The current situation we live in worldwide, the pandemic, inequality and climate change highlight the 
crisis in health and security, a fact that evidences the fragility in the city models we occupy, generating collapses 
in the way of living, working, and recreating as human beings, demanding to rethink a different panorama for 
our present-day city.  
For this reason, the object of study focuses on the city of Pereira, Colombia, which has been the epicenter of the 
arrival of immigrants in the current crisis, where more than 5,591 people arrived in the city in search of refuge, a 
fact that generated an increase of 78.5% triggering overcrowding in informal settlement housing.  
Given this, it is to understand the city as a laboratory, which allows to understand the present and rethink it 
towards the future by identifying the shortcomings from the quality of life factors, that is how City Lab arises in 
the activation of the center of Pereira where different disused buildings that have become places of informal 
shelter are gradually identified to form a network of sustainable infrastructure to serve as a meeting point and in 
case of health emergencies as supply centers. 
KEYWORDS: City, Shelter, Supply, Infrastructure, Disuse, Urban regeneration. 

 
 

1. INTRODUCTION  
The present condition we are experiencing 
worldwide, between the pandemic, social inequality 
and climate change, highlights the fragility of the 
current city models in which we inhabit, this is 
generating collapses in the ways of living, working, 
and recreating as human beings, demanding to 
reconsider a different way of city´s design.  
For this reason, the object of study focuses on the 
city of Pereira, Colombia, which emerged in 1863 as 
a result of different migrations located between the 
center of Bogota, Medellin and Cali, this area that 
we know as the golden triangle, which because of 
its strategic position has been the epicenter of 
arrival of immigrants in the current crisis where 
more than 5,591 people came to the city in search 
of refuge and a better quality of life, a fact that 
generated an increase of 67.3% in the housing of 
informal settlements.  

 
Figure 1 Pereira Immigrants. 

generated situations of overcrowding in housing, 
making it more difficult to live in a pandemic.  
(Pereira cómo vamos,2020) 
According to the study of the city's indicators, it is 
evident that in recent years the conditions of work, 
recreation and habitability have decreased, 
generating an imbalance in the configuration of the 
city. 

 
Figure 2 Percentages of quality of life inhabit 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 3 Percentages of quality of life to 
work 

Figure 4 Percentages of quality life to 
recreate 

 

2. ANALYSIS OF THE CITY 
Pereira is a city that has been transforming and 
growing through different migrations, therefore, 
informal settlements have been a key factor to the 
development of the construction of the city, over 
time. The city´s layout was positioned on the old 
railroad track as a lineal city, in search of a better 
connectivity and tactical location turning as we 
know today as Av. 30 de Agosto (current name) in 
the center of historical memory because it is 
surrounded by the main commercial and dwelling 
neighborhoods that in its beginning were developed 
as an informal settlement, on the other hand 
Pereira has a main water resource known as the 
Otún river, thanks to its environmental and 
livelihood situation has been an attractive place to 
become the main refuge for displaced people on 
their banks and slopes, it also has a total 
accessibility to another of the main roads of the city 
known as Av. Del Rio.  
This is how both roads and the river become axes of 
construction of the city center, where through 
public galleries, commercial passages, cultural 
activities generated a civism typical of Pereira, 
which because of the accelerated and unplanned 
growth began to segregate, in addition to this up-
to-date coronavirus epidemic situation has ended 
with the few cultural spaces and commercial 
exchange its function as typical use of the city. New 
functions into the urban fabric seeks to enhance the 
main connectors through the occupied limit as a 
research project for reconfigured places, generating 
different enclosures that make the city.  
Faced with this uncertain panorama that is related 
to the pandemic, the city is understood as a 
laboratory, which allows to understand the present 
and rethink it towards the future, seeking to 
generate different approaches that allow to cure 
the city of the segregation that imposes its ever-
changing population. 
Based on the understanding of the city as a 
laboratory. An example of analysis as references is 
made by the Exodus project (figure 5) , where Rem 
Koolhaas' Exodus shows us how the deconstruction 
of the limit becomes the element of integration of 
the city, and Constant's New Babylon (figure 6) 
shows us how the understanding of the city is given 
through a network of enormous links that are in 
movement and point to a society that congregates 
from leisure and recreation.   
 
 
 
 
 
 
 
 

 
Figure 6 New Babylon_Constant 

 
Based on the idea of society in movement and the 
prospect of the city of Pereira is facing as an 
uncertain panorama, which is a product of its 
constant migrations, movements, and its 
accelerated growth, the city is understood as 
follows:  
The configuration of the urban hull as an automated 
city model that is interrupted by the covid situation, 
and suffering incidents due to climate change, and 
social inequality which has generated overcrowding 
in informal settlements and disconnecting society 
from collective spaces fact that triggers an unstable 
city model that unbalances the condition of 
inhabiting. 
For this reason, the project is developed in the 
center of Pereira where different unused properties 
have been identified with potential to be centers of 
shelter, supplies and recreation in order to begin to 
recycle the abandoned structures avoiding a more 
unbridled growth within the city. These three (3) 
main properties have been chosen to introduce a 
change, as a seed of adjusting the recent situation. 
These properties are recognized as the longstanding 
convent of the Carmelitas, the old clinic Saludcoop 
and the non-used Carrefour supermarket; where a 
perimeter ring is generated that covers the two 
main roads of the city of Pereira. This ring becomes 
a limit that allows generating new developments 
and ways of living within the urban space that is 
contained and activated, where it seeks to improve 
the conditions inside the urban area by enhancing 
connectivity between the different infrastructures 
and breaking with the automated model of the 
configuration of the center of Pereira. 
 
In order to select these properties, the explicit 
conditions of the land use plan (POT) were 
reviewed, and the following considerations were 
taken into account:  

• Being located within the regulatory 
sectors, each property responds to an area 
of multiple activity, which allows us to 
generate a mix of uses that configure the 
disused properties in structures for 
housing, commerce, leisure, and culture 
where in case of health emergencies 
(pandemic) they can become the main 
source of supply and also because of its 
centrality and scale can become a meeting 
point. (POT,2016) 

Figure 5 Exodus_Rem Koolhaas 
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• In order to acquire the lots that are under 
the domain of private entities, the income 
tax that covers the different properties 
was reviewed, where it is proposed to the 
owner of the property under article 255 
and 257 to cede the lot for the common 
good and 25% of the value of the property 
tax will be paid. (POT,2016) 

In addition to this, the POT regulations allow us to 
carry out a macro project to recover the lost areas 
within the city and to recover the different 
collective activities that have been lost within the 
city due to the emergence of covid-19.  
To complement the development of the boundary 
within the contained space, we begin to select 
support infrastructures in smaller scale lots that 
allow an expansion within the same contained 
space, becoming a network of links that improve 
the habitat. 
 
3. DEVELOPMENT OF THE PROPOSAL.  
Thinking about the situation of COVID-19 and the 
future of city in the face of this new state of 
uncertainty and the tangible arrival of new 
immigrants and more sanitary emergencies, the 
strategy of recycling infrastructures through a new 
dynamic of "building on what is built" arises with 
the objective of seeking a joint improvement in 
different variables of habitability. The actual urban 
structures cannot stay rigid, unmoved they need to 
play and active roll as we upgrade the urban 
infrastructure, and services or more necessities 
arise. 
Developing the configuration of the structures in 
relation to the pandemic, it is proposed to generate 
within the volumetrics congregation spaces that 
become cultural nodes and allow to empower the 
community in order to heal both the city and 
society, this is proposed because the city of Pereira 
presented an increase of 78% in rates of anxiety and 
depression by citizens during the compulsory 
(Pereira cómo vamos 2020) isolation, being able to 
meet and arrange the city for these meetings in safe 
spaces will begin to integrate the entire support 
infrastructure with different civic activities of the 
city. 
On the other hand, the strategy also seeks to 
enhance the rates of tree planting and public space 
in the city through the use of green roofs that allow 
the development of home gardens, as well as 
central spaces where they are implemented, thus 
generating easily accessible supply centers; the 
vegetation implemented also seeks to enhance the 
existence of courtyards as connecting points in the 
city. 
Each infrastructure seeks to enhance the quality of 
life indexes, which is why different recreational, 

supply and housing activities are included that are 
directly related to production, culture and shelter, 
each of which are developed in the following 
manner: 
 
3.1 SALUDCOOP CLINIC:  
The Saludcoop clinic, is a building that belonged to 
one of the entities of the private health system in 
Colombia (Saludcoop). It has two main naves and a 
central atrium that allows the reception and 
distribution of activities in the building. In this 
building, which is still in good condition, its 
renovation is planned and elaborated as follows:  
A series of subtractions are generated (views from 
the section) allowing double heights in the spaces, a 
spatial continuity of the void and working with it. 
The first level is completely freed to strengthen this 
spatial permeability as public, which is attached 
from the city to the interior of the building, and 
where leisure activities, culture, commerce and 
generating green areas begin to occur. The 
residential areas and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
collective spaces are located from the second to the 
fourth floor, allowing a subdivision of the private 
and the public. Finally, we propose the location of 
the agricultural production areas on the roof, which 
are located as residual spaces in the building, thus 
seeking to take advantage of natural lighting and 
rainwater for the conservation and production of 
plants and products. 
 
 
 

Figure 7 Axonometric View and Indenxes of Saludcoop's 
regeneration proposal 

 

 
Through the infrastructure of the former Saludcoop  
clinic, 2,500 m2 of commerce and public space are 
developed, which are directly complemented by 
180m2 of areas for art and culture. In addition, 
2,140m2 of orchards are being provided, which 
contribute to the production of the area, within the 
proposal, the m2 of housing is also increased, 
where 2,822m2 are provided. 822m2 that are 
complemented in turn with common areas, to 
generate mixed complexes that can respond to the 
different activities of the place, focusing on the 
development of generating a large network of 
shelter that unfolds throughout the saludcoop 
sector 
3.2 THE CARMELITE CONVENT: 
The Carmelitas is a convent that was founded in 
1946 on 30 de Agosto Avenue in the city of Pereira, 
the building today is in a high state of deterioration 
and abandonment since 1999 earthquake with 
epicenter in the city of Armenia, which affected 
surrounding areas including sectors of Pereira, and 
for this reason, decided to move the convent to 
another part of the city. Thus, this building is taken 
as the object of study and work in search of a 
reconstruction and consolidation of this as a 
strategic point and articulating enclave of the 
supporting infrastructure and the city itself. 
Now, the convent is made up of two volumes, the 
first with colonial typology, which is based under a 
central courtyard that allows the internal spatial 
distribution and is established in the infrastructure 

as a point of agricultural 

production.  
 
 
 
 
 
 
 

 

Likewise, the rest of the second floor is 
consolidated as a commercial area and public 
space, projecting itself as a space of congregation of 
the city. On the second floor the private spaces 
(residence and collective spaces of the dwellings) 
are proposed.  On the other hand, the second nave 
corresponds to the church of the convent, in which 

the conformation of an art and culture space is 
proposed, which is consolidated as an articulator of 
the city towards the building.  
For the Carmelite convent is proposed to generate 
an infrastructure that contributes to the indexes 
from a public, civic and cultural development as it 
seeks to continue with the historical memory that 
contributes to the great infrastructure, for this 
different spaces are proposed that will allow the 
meeting in open places with good air flow to be 
able to congregate different amounts of people, In 
it there will be 423m2 of common areas that will be 
developed along with 288m2 of art and culture, in 
turn 221m2 of commerce will be developed, in 
addition 236m2 of green areas and 380m2 of home 
gardens will be implemented to generate large and 
healthy spaces for face-to-face meetings, also 
generating a housing space of 400m2 as a 
temporary housing for different immigrants.  
 
3.3 CARREFOUR SUPERMARKET: 
Carrefour was conceived from the Bavaria Partial 
Plan, an urban planning project that aimed to 
renovate and consolidate this forgotten and 
deteriorated area (since the Bavaria factory ceased 
production in 2001) developing a mixed use, which 
would allow the sector to be inhabited from 
housing (which was never executed), public space 
and commerce (former Carrefour). Due to this, a 
social problem is concentrated due to the 
abandonment of the area and due to the tolerance 
neighborhoods adjacent to the building. 
In this sense, the intention is to condense within the 
building the different variables that were initially 
conceived for the Partial Plan but interrelating them 
to consolidate the building as an epicenter for social 
and urban improvement. Carrefour is the building 
with the largest scale within the support 
infrastructure, which will house the largest number 
of people and may have a far-reaching impact on 

Figure 9 Formal Saludcoop Setup 

Figure 10 Axonometric and Indenxes of the Carmelita's 
proposal 

Figure 8 Formal Configuration Carmelita's 
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the problems of its sector (the river avenue). In this 
way, the two upper floors are consolidated as one 
where the residential areas of the project will be 
located. Subtractions are generated to establish a 
grid of voids where green areas of trees will be 
located in the lower part (basement). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Likewise, the basement will be a completely open 
space which will have commerce to complement 
the public space. Finally, the roofs of the side 
volumes of this building will also be used for the 
development of vegetable gardens to enhance 
agricultural cultivation and economic and 
environmental sustainability.  
Carrefour sector that closes our perimeter ring 
where 6,840m2 of complementary cultural spaces 
are developed with green areas, 3,000m2 of 
common areas, 4,200m2 of commerce and work 
activities that are unified with 5,800m2 of housing. 
 

 
 
4.CONCLUSION. 
 
When we ask ourselves the question: How will cities 
survive? City lab arises as an immediate response to 
the crisis by the covid 19 that we have been going 
through although the problems are evident in our 
cities it is recognized that society must also 

intervene, so city lab arises as the answer to 
improve the different living situations that were 
intervened because of the mandatory isolation, but 
also arises as a criticism of our model of city 
occupation where there are no spaces to meet and 
that allow a healthy mental development in the 
inhabitants, for this, City lab also proposes an 
alternative that can be replicable in different 
contexts because it seeks to recycle the structures 
in disuse and start building on what is built, thus 
avoiding the unbridled growth that does not 
contribute something positive to the constant 
problem of climate change and generating an 
awareness of what is no longer used in the city. 
 
Through the boundary generated by the 3 projects 
developed, it is possible to change the ways of living 
in the city to spaces that are productive and 
recreational, which begin to contribute to the city 
an index of controlled housing with easy access and 
centrally located. 
 
The strategy of recycling what exists arises not only 
from the need to begin to generate changes in the 
face of climate change, but also arises as a way to 
heal the city through a partnership, as both will 
survive as long as they work together, so the 
perimeter ring that is generated between Av. 30 de 
Agosto and Av. Del Rio, smaller scale infrastructures 
that cover the center and become the activating 
support of the 3 main ones, generating a limit that 
is contained but at the same time expands, finding 
that one of the keys for the city to survive the crisis 
is to guarantee the collectivity of society and its 
sustainability, city lab seeks to be that experimental 
space that allows its different abandoned 
infrastructures to contribute to the construction of 
the city. See figure 13 below to map dual city 
infrastructure of proposed projects and new 
interventions in relationship with other projects in 
disuse and the urban fabric of the city of Pereira 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 Axonometric and indexes Carrefour's 
Proposal 

Figure 12 Formal Carrefour Configuration 
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Figure 13 Existing Network City Lab Support Infraestructure 
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daylight access is limited due to dense urban surroundings 
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ABSTRACT: Daylight requirements are usually ignored in residential design in compact urban contexts in 
developing countries. Dhaka is not an exception. It reviewed apartment room-layout design of forty-five 
residential projects. Master bed room, dining room and kitchens were examined in terms of their daylight 
accessibility. A daylight proximity scale DPS (1 being the best & 6 being the worst) was established and used to 
review their plans. Majority dining rooms scored 5 to 6, majority kitchens scored 4 to 6, and majority bed rooms 
scored 1 to 2. These results do not compliment IESNA guidelines because it suggests 300 lux for kitchen and 
dining, and 100 lux for bed rooms. For further investigation, daylight autonomy for these three types of rooms 
were simulated using Daysim. Simulation results also confirmed that none of the dining rooms ever get 300 lux, 
a few square feet area of a handful kitchens receive 300 lux for only 30% time of the year, and majority master 
bed rooms receive the target value for 75% time of the year. Therefore, based on both DPS scale and daylight 
autonomy analysis, this study argues that daylight priority is significantly absent in apartment room-layout 
design of Dhaka city.  
KEYWORDS: Daylight, Density, Apartment room-layout  
 
 

1. INTRODUCTION  
This paper presents part of a study that explores 

possibilities of improving daylight condition in 
apartment buildings of Dhaka city. Daylight 
requirements are usually ignored in residential 
design in compact urban contexts in developing 
countries [5]. Dhaka is not an exception [3]. This 
part of study examines whether daylight goal is an 
important criterion in apartment design of Dhaka 
city.  

Compared to detached houses, ensuring access 
to daylight for majority rooms is difficult for multi-
storey apartment buildings in dense urban 
environment. Due to land scarcity in dense urban 
environment, apartment buildings are built close 
each other. For these apartment buildings, only 
street sides have relatively better access to daylight. 
The rest three sides are bound to face narrow alley-
canyons unless the lot is a corner one. Narrow rear 
setback (typically 1.5m) and side setbacks (typically 
1.0-1.25m) allowed by Dhaka’s building codes made 
it inevitable [1]. Moreover, typical apartment 
buildings are seven to nine story tall hence these 
side and rear alleys are deep narrow canyons with 
darkness as its common characteristics. Therefore, 
not all rooms in typical Dhaka apartment have same 
level of access to daylight. 

However, according to IESNA recommendations, 
not all rooms in a residence need same level of 
daylight either. Dining and kitchen require 300 LUX, 
living rooms require 200 LUX and bed rooms 
require 100 LUX [8]. Therefore, daylight access is 
more critical for dining and kitchen than it is for bed 
rooms. However, the authors’ initial assumption is 
that existing condition is the opposite of the 
recommendation. This paper examines whether 
layout design of typical Dhaka apartments follow 
the stated hierarchy of daylight preferences or is it 
the opposite. If this part of the study finds a 
deviation, the next part would then examine the 
reasons of deviation. These parts will eventually 
lead to identify pragmatic solutions for daylight 
improvement in apartment buildings of Dhaka city.   
 
2. METHODOLOGY 

For this paper, the most common room types in 
apartments have been studied - Master Bed room, 
Dining room and Kitchen. The study intends to find 
which room type gets the most priority in terms of 
daylight. To determine it, one option is to examine 
daylight availability in these room types in 
significant number of residences. However, field 
measurements were not possible due to pandemic 
situation. Besides, the time and resources needed 
to conduct the field measurements was not 

 

available. Instead, a three-stage method has been 
adopted.  

For the first stage, a large pool of drawings of 
residential projects were reviewed. These drawings 
are part of student assignments submitted to the 
first author in earlier semesters.  For several 
semesters, the author has been guiding his students 
to critically evaluate their residence designs in 
terms of daylight availability. For their evaluation, 
site plan, satellite image, floor plans and sections 
through neighbouring buildings were required. 
These drawings and images created a rich pool of 
information that helps to identify typical pattern of 
apartment room layout in the context of limited 
access to daylight. Out of this pool, based on 
completeness in required information, forty-five 
residential projects have been selected for final 
review.  These projects represent the typical 
apartment buildings of Dhaka city as students are 
from all parts of the city and together, they 
represent the upper-middle income group of the 
city who are the primary buyers of these apartment 
units.  

For the second stage, Daylight Priority Scale 
(DPS) (Table 1) has been established and used 
which is based on relative position of rooms 
considering their daylight accessibility. To establish 
DPS, in terms of daylight accessibility, first hierarchy 
in surrounding canyons has been established. Based 
on the work of Strømann-Andersen and Sattrup, 
street canyons have been given the priority over 
alley-canyons as the former’s canyon aspect ratio is 
low [9]. Second, hierarchy in room type has been 
established. As corner rooms have higher chance of 
having bilateral windows, it has given priority over 
in-between rooms [4]. Thus, a corner room facing 
the street has more chances to get better daylight 
than an in-between room facing the alley-canyon. 
Moreover, primary investigation had identified a 
few other variations in room location and 
exposures. There are rooms that are at the centre 
of apartment unit. Sometimes they are surrounded 
by other enclosed rooms. Sometimes other open 
space type rooms like family space or dining keep 
them away from exterior walls. These relative 
positions and exposure are depicted in the Daylight 
Priority scale in Table 1. This scale has been used to 
judge apartment room layout to identify daylight 
preference among its Master Bed room, Dining and 
Kitchen. 

The third stage used computer simulation to 
validate the results gathered through the use of 
DPS. This study used Daysim as a tool for computer 
simulation. It was developed by the National 
Research Council Canada. Daysim uses the engine 
of Radiance which has been widely recognized for 
validity during the last 25 years [3]. Radiance is a 

backward ray-tracer that simulates individual light 
rays to calculate luminous distribution within a 
room. It is capable of predicting internal illuminance 
and luminous distribution in buildings under 
different sky conditions. It uses the concept of 
daylight coefficient utilizing the sky luminance 
models developed by Perez and Tregenza [6]. 
According to Reinhart, for daylight coefficient 
method, the celestial sky is theoretically divided 
into disjoint sky patches and contribution of each of 
them is calculated for illuminance at a specific point 
in a room [6]. This approach was found successful in 
modelling indoor illumination of a full-scale office 
with complex shading devices [7]. 

 
Table 1:  
Daylight Priority scale (DPS)  
 

Scale   Room description 
1 Street facing corner room 
2 Street facing in-between room 
3 Alley facing corner room 
4 Alley facing in-between room 
5 Centre rooms away from window 
6 Centre rooms surrounded by other rooms 

Note: 1 being the highest order.  
 

To perform simulations, the most common 
values found in the 45 residents have been used. 
Plot size of 5 katha (1 katha=720 sq. feet) has been 
chosen since 69% of the residents were constructed 
on this size of plot. Building height of eight story has 
been selected since it reflects the recent trend of 
apartment development. Side and rear setback 
have been selected based on the building code 
which is four feet and six feet respectively. Window 
to floor area ratio has been kept to 15% based on 
building codes too. The most common size of bed 
room is fifteen feet by fifteen feet; dining room is 
twelve feet by fifteen feet; and the kitchen is eight 
feet by ten feet.  

For the simulations, surface reflectance values of 
interior wall, floor and ceiling were set according to 
IESNA guidelines (Rea, 2000). Table 2 shows the 
selected reflectance values for different surfaces 
along with IESNA guidelines. For exterior wall, 
reflectance values were also 50% as the subsequent 
reconnaissance survey found no significant 
difference between indoor reflectance values to 
that of the exterior one. Ground reflectance was 
20% which is the default value of Daysim tool. 
Single pane window was chosen as it was still the 
prevailing trend in residential buildings at DRA. 
Visual transmittance for glazing set at 90%, and 
visual transmissivity was set at 98%. 
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Table 2: 
Surface reflectance values used in simulations 
 
Type of 
surfaces 

IESNA Guidelines 
for reflectance 
values (%) 

Reflectance values 
selected for 
simulations (%) 

Ceiling 60-90 90 
Wall 35-60 60 
Floor 15-35 20 
 
Table 3: 
Radiance Simulation Parameters considered in this study 
 

Parameters Min Accurate Max Used 

Ambient 
bounces 0    2 8 5 

Ambient 
accuracy 0.5 0.15 0 0.1 

Ambient 
resolutions 8 128          > 300 

Ambient 
divisions 0 512 4096 1000 

Ambient 
super-samples    0       256 1024 20 

 
This study chose Daylight Autonomy (DA) as 

daylight performance indicator.  According to 
Reinhart (2006), the daylight autonomy at a point in 
a building is defined as the percentage of occupied 
hours per year, when the minimum illuminance 
level can be maintained by daylight alone. 
Therefore, using DA data, the simulations showed 
how much time in a year the kitchen and dining 
rooms get a minimum of 300lux and bed rooms get 
150lux. 

 
3. RESULTS 

A total of forty-five residential projects have 
been reviewed. All six room types listed in the 
Daylight Priority Scale were found among these 
projects at certain degrees. For better 
understanding, a typical apartment building layout 
is shown in Figure 1 where two apartment units are 
placed side by side. All six room types are found in 
these two apartment units and room types from 
DPS are marked in red dots. Dot 1 is a street facing 
corner room, dot 2 is street facing in-between 
room, dot 3 is an alley facing corner room, dot 4 is 
an alley facing in-between room, dot 5 is a centre 
room away from window, and dot 6 is a centre 
room surrounded by other rooms. 

For all forty-five projects, Master bed room, 
dining room and kitchens were examined through 
the DPS. It has been found that master Bed rooms 

get the highest priority in terms of daylight. 
Kitchens get the second level of priority and dining 
rooms get the least priority. These findings are 
shown in Figure 2, Figure 3 and Figure 4 
respectively.   

 
Figure 1: 
A typical apartment plan showing all six room types listed 
in the Daylight Priority Scale (DPS) 

 
 

Figure 1 shows that if daylight is concerned, 
master bed rooms get the highest priority. Sixty 
four percent master bed rooms found to be the 
street facing corner rooms which represents the 
best score in DPS. Only three percent master bed 
rooms were alley facing corner rooms that 
represents the third level in DPS. The remaining 
thirty three percent master bed rooms are street 
facing in-between rooms which has the second 
highest score in DPS. Therefore, it is found that 
master bed room gets the highest priority if daylight 
is a concern. 

Figure 3 shows that kitchens do not get as much 
priority as master bed rooms although kitchens 
require almost tripple amount of daylight for its 
functionality. Seventy six percent of observed 
kitchens are alley facing in-between rooms which is 
the fourth level in DPS scale. Twenty two percent 
kitchen found to be in a better situation than these 
seventy six perceta kitchens. They are alley facing 
corner rooms.  

According to Figure 4, dining rooms get the least 
priority in terms of daylight. Unfortunately, dining 
rooms require same daylight as kitchen and three 
times the daylight needed for bed rooms. Forty two 
percent observed dining rooms has no access to 
daylight since they are surrounded by other rooms. 

 

This is the worst level in DPS scale that is six. 
Twenty percent dining rooms scored five and thirty 
two percent scored 4 in DPS scale. 
 
Figure 2: 
Identified level of daylight priority for master bed rooms 
in the studied apartment buildings 

 
 
Figure 3: 
Identified level of daylight priority for kitchens in the 
studied apartment buildings 

 
 
Figure 4: 
Identified level of daylight priority for kitchens in the 
studied apartment buildings 

 
 

From the above discussion and figures it is clear 
that for apartments in Dhaka, access to daylight is 

not a priority in kitchen and dining although they 
both requires 300 lux of daylight. From the DPS 
scale, relative chances of getting daylight can be 
assumed. However, forecasting amount of daylight 
received in a particular room is not its objective. For 
this reason, Daylight Autonomy was simulated for 
six room types listed in the DPS scale. Among them, 
three are for master bed room, two are for kitchen 
and one is for dining room. These simulations were 
carried out for bottom floors only. It was done 
because bottom floors experience the most 
difficulties in getting daylight. Figure 5 shows 
Daylight autonomy simulated for three cases of 
master bed room. As it was discussed in previous 
sections, 100 lux was set as minimum criteria for 
bed rooms. It is seen (middle part of Figure 5) that 
most part of master bed room receive 100 lux for 
more than 75% of the year. When the master bed 
room is a street facing in-between room, about 40% 
of the room receive 100 lux for less than 50% time 
of the year. This become even worse when master 
bed room is a rear-alley facing corner room. Only a 
few square feet area next to the window receives 
100 lux but only for 15% time of the year.  

For kitchen and dining rooms, minimum value 
for daylight autonomy has been set as 300 lux. 
From Figure 6 it is seen that daylight autonomy for 
kitchens are poor. When kitchens are alley facing in-
between rooms (top of figure-6), daylight autonomy 
is zero. When they are alley facing corner rooms 
(middle of Figure-6), a few parts of them receive 
300 lux for 30% time of the year. For dining rooms 
surrounded by other spaces no simulation was 
needed as it is easy to forecast the result. Even 
when dining rooms are at centre but have access to 
daylight through a distant window (bottom of 
Figure 6) daylight autonomy found to be zero. 
 
4. CONCLUSION 

References This study examined apartment 
room-layout design of forty-five residential projects 
in Dhaka city. Master bed room, dining room and 
kitchens were examined in terms of their daylight 
accessibility. A daylight proximity scale DPS was 
established and used to review their plans. DPS is a 
six segments scale where 1 represents the best and 
6 represents the worst scenario. 1 stands for street 
facing corner room, 2 is for street facing in-between 
room, 3 is for alley facing corner room, 4 is for alley 
facing in-between room, 5 is for Centre rooms away 
from window, and 6 is for Centre rooms surrounded 
by other rooms. 

This study found that master bed rooms get the 
highest priority in terms of daylight. Kitchens get 
the second level of priority and dining rooms get 
the least priority. Forty two percent dining rooms 
fall under DPS scale of 6. They do not get any light 
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since they are surrounded by other rooms. Seventy 
six percent kitchens fall under DPS scale of 4. Sixty 
four percent master bed rooms fall under DPS scale 
of 1- and thirty-three percent fall under DPS scale of 
1. These findings do not compliment IESNA 
guidelines where 100 lux is suggested for bed 
rooms and 300 lux for dining and kitchen. 

 
Figure 5:  
Daylight autonomy simulated for three cases of master 
bed room  
 

 
 

 
Figure 6:  
Daylight autonomy simulated for two cases of kitchen and 
one case of dining room 
 

 
 
For further examination, daylight autonomy for 

these three types of rooms were simulated using 
Daysim.  Seventy-six percent kitchens never get 300 

 

lux in any time of the year. A negligible area of 
kitchens those are alley facing corner rooms get 300 
lux but only for 30% time of the year. Dining rooms 
found to be the worst as sixty two percent of them 
are placed at the centre of apartment unit. Out of 
these sixty-two, forty two percent do not get any 
daylight as they are surrounded by other rooms. 
The remaining twenty percent also do not get 300 
lux for any time of the year. Daylight autonomy in 
bed rooms compliment DPS scale findings.    

Therefore, using both DPS scale and daylight 
autonomy analysis, this study argues daylight 
priority is significantly absent in apartment room-
layout design of Dhaka city. 
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Indirect evaporative cooling vs. radiant-capacitive cooling 
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ABSTRACT: The aim of this study is to compare the thermal performance of two passive cooling systems. On one 
hand, an indirect evaporative cooling system (IECS), consisting of a shaded and naturally ventilated roof pond 
(RP) and on the other hand, a low energy consumption Radiant-Capacitive Cooling System (RCCS), made up of a 
Radiant-Capacitive Module (RCM) and fed with chilled water from nocturnal radiative cooling. Test cells fitted 
with both systems each have been monitored during a warm period at the Federal University of Technology of 
Paraná, located in Curitiba, Brazil. The systems were experimentally evaluated using three small test cells. 
Results obtained with the experimental RCCS demonstrated its applicability for indoor cooling even under 
conditions that were not the most promising for night-time radiative cooling. The RCCS has a thermal 
performance comparable to, or even higher than, the RP. In general terms, when faced with high ambient 
temperature conditions and relatively favourable sky conditions for nocturnal radiative cooling, the system has a 
thermal performance very close to that of an indirect evaporative cooling system. 
KEYWORDS: Radiant-capacitive system, radiant cooling, night sky cooling, indirect evaporative cooling, 
experimental study. 
 
 

1. INTRODUCTION 
One of the greatest problems related to climate 

change is that a large part of the greenhouse gas 
(GHG) emissions that cause it are due to the 
generation of electricity used in the construction 
sector. Buildings account for around 40% of primary 
energy consumption in Europe and in most 
developed countries [1]. Much of that energy is 
used to heat or cool buildings in order to provide 
comfort to building occupants. Over 76% of all US 
electricity usage and more than 40% of all US 
energy use and associated greenhouse gas (GHG) 
emissions are destined to providing comfortable 
and well-lit residential, commercial and industrial, 
in many cases with electric lighting and space 
conditioning [2]. Energy use for indoor cooling has 
doubled since 2000, making it the fastest growing 
end use in buildings, driven by a combination of 
higher temperatures and increased indoor activities 
[3]. In this context, the global energy demand for air 
conditioning is expected to triple by 2050 [4].  

Progresses in the development and application 
of passive cooling systems or those with low energy 
consumption are greatly needed. With the purpose 
of developing, testing and improving low-cost 
passive systems for tropical areas, we focus here on 
natural cooling systems based on water evaporation 
and radiative heat exchange, having water as heat 
transfer medium. 

The aim of this study is to compare the thermal 
performance of two passive cooling systems. On 

one hand, we tested an indirect evaporative cooling 
system (IECS), consisting of a shaded and naturally 
ventilated roof pond (RP) and on the other hand, 
we evaluated a low energy consumption Radiant-
Capacitive Cooling System (RCCS).  
 
2. METHODOLOGY 

The systems in the experimental setup (Figure 1) 
were evaluated using three small test cells: a 
Control Cell (CC), an experimental test cell with the 
hydronic Radiant-Capacitive Module (RCM) and an 
experimental test cell fitted with a Roof Pond (RP). 
 
Figure 1:  
Experimental setup with the CC, RCM and RP test cells and 
other system components. 
 

  
 
Monitoring data correspond to three 

experimental series carried out during a warm 
period of the year, from November 16, 2019 to 
January 20, 2020. Data were sampled at 5 min 
intervals with indoor temperatures in the three test 

 

cells, outdoor conditions and water temperatures in 
the components of the RCCS.  

Equipment used consisted of previously 
calibrated HOBO U12-012 loggers with two external 
sensors each (TMC20-HD), HOBO S-THB-M002 and 
two TMC20-HD, which were connected to a HOBO 
weather station U12-001. 

The systems have been monitored at the 
Federal University of Technology of Paraná, located 
in Curitiba, Brazil, at 25° 26' 33.6” S and 49° 21' 
14.14” W, at an elevation of approximately 953 m 
a.s.l. Local climate can be classified as Cfb 
(temperate maritime humid climate), according to 
the Köppen-Geiger classification 

Comparisons between both systems have been 
drawn, in terms of their thermal performance, 
characteristic temperatures and correlations 
between them and the control cell, as well as key 
performance indicators such as the depression of 
the maximum and average temperatures, and the 
daily Mean Cooling Potential (MCP) of the systems, 
relative to outdoor climate exposure conditions. 
 
2.1 The Radiant-Capacity Cooling System (RCCS) 

The RCCS has three components (Figure 2): an 
indoor Radiant-Capacitive Module (RCM) powered 
by a Sky Radiator (SR), which takes advantage of the 
night sky as a heat sink, and a cooled water storage 
tank or Thermal Energy Storage (TES).  

The system is hydronic, i.e. it uses water as a 
heat transfer medium that runs through the 
system’s components in a closed loop and without 
any water expenditure. The RCCS cools water from 
the TES during the night in the SR by long wave 
radiation losses and circulates it through the RCM, 
located in the indoor space of the experimental cell, 
and back to the TES (closed-loop circuit 1).  

During daytime, the water cooled during the 
night and stored in the TES can be eventually 
tapped to the RCM through a separate loop (from 
TES through RCM and back, Figure 2), so as to 
remove indoor heat gains indoors during the day.  

The test cell (800 mm x 800 mm x 530 mm high), 
with the RCM (Figure 3a), is made with 18 mm thick 
marine plywood with a 50 mm extruded 
polystyrene insulation layer in the internal part of 
walls and floor. Within the test cell, the radiant-
capacitive module (RCM) acts as a ceiling, consisting 
of a 670 mm x 670 mm x 65 mm metal container, 
completely filled with water, with an inside heat 
exchanger (aluminium serpentine) and insulated by 
a 85mm polystyrene layer covered with plywood. 

The SR is composed of 10 hollow extruded 
aluminium profiles combined, measuring 895 mm × 
95 mm × 8.3 mm each, yielding a total surface area 
of 0.85 m2. Each one of the profiles is covered by a 
black matte finish and has three internal channels 

through which water circulates (by a low-power 
pump) during the night and is cooled by a 
combination of heat losses due to long-wave 
radiation exchange with the sky and natural 
convection. 

The thermal energy storage (Figure 2) consists 
of a polyethylene water tank with a diameter of 560 
mm and a height of 1090 mm, lined with a double 
layer of polyethylene wool insulation and filled with 
water up to a height of 930 mm (approximately 230 
litters of water). 

More details of the construction, dimensions 
and materials of the Radiant Capacitive Module 
(RCM) and the sky radiator (SR) can be seen in [5]. 

 
Figure 2:  
Scheme with the three components of the RCCS: Sky 
Radiator (SR), Thermal Energy Storage (TES), Radiant-
Capacitive Module (RCM) with the two closed-loop circuits 
depicted (circuit 1–dashed line; circuit 2–continuous line). 

 

 
 
Figure 3:  
Schematic diagram of the test cells: (a) Radiant –Capacity 
Cooling System (RCCS), (b) Roof Pond Cell (RP) (c) Control 
Cell (CC) 

 

                
 

2.2 The Indirect Evaporative Cooling System (IECS)  
The “roof” of the experimental cell with the IECS 

(Roof Pond - RP) (Figure 3b) consists of a water 
pond made of 1.2 mm thick galvanized steel sheet 
and painted white, similar to the one developed by 
González and González [6] for thermal performance 
studies in Maracaibo, Venezuela. Indoor space and 
dimensions of the remaining elements (walls, floor) 
are identical in all three cells. 

The roof pond was filled with water to a height 
of 65 mm (29 l) in series 1 and 2 and with 100 mm 
(45 l) in the third experimental series.  
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The roof pond is shaded by a 15 mm thick 
plywood board, with a dimension of 1.00 m x 1.00 
m, painted white and insulated on its inner face 
with a 20 mm thick polystyrene sheet. An air gap of 
100 mm allows permanent ventilation of the water 
and a 100 mm overhang creates extra shading 
(figure 3b). 

The evaporation of water in the RP leads to a 
continuous loss of heat from the mass of water to 
adjacent air. Heat gains from the cell’s walls are 
dissipated through the roof pond. 

 
2.3 The Control Cell (CC) 

The Control Cell has exactly the same 
dimensions and physical characteristics as the two 
experimental cells in terms of walls and floor. The 
roof element has a 150 mm thick polystyrene 
thermal insulation underneath the 15 mm thick 
plywood board that significantly reduces heat 
exchanges with the outdoor environment (figure 
3c). Its walls and floor, as in both experimental cells, 
have an inner layer of 45 mm thick polystyrene 
sheets. 
 
3. RESULTS 
 
3.1 Characteristic temperatures in the RCCS and 
the RP 

In order to analyse the characteristic 
temperatures recorded with the two systems, the 
results of three experimental series (Series 1, 2 and 
Series 3, which yielded the maximum mean cooling 
potential in both systems, as described in the next 
section) carried out during 50 summer days are 
presented (November 16, 2019 through January 20, 
2020). In the RCCS the pumping period spanned 11 
hours, between 7 pm to 6 am, with a flow rate of 28 
l/h. The radiator was fully exposed (surface area of 
0.85 m²) to the sky hemisphere and TES was at its 
full capacity of 220 l). Table 1 shows a synthesis of 
the characteristic temperatures in the CC, RCCS, RP 
and outdoors during the experimental series. 

Three continuous days in December and in 
January (Series 3) are represented in Figure 4. The 
intention was to evaluate the cooling performance 
of the RCCS system when no heat is removed from 
indoors by pumping cooled water from the TES 
during the day. 

Due to the cooling of the water that circulates 
through the RCCS, there is a decrease in the daily 
indoor average temperature in the RCM test cell 
relative to the outdoor average (mean offset 1.1 K, 
with a maximum difference reaching 4.0 K). A high 
temperature depression in the maximum indoor 
temperatures with respect to outdoors is also 
noticed (mean 5.0 K, peaking at 8.3 K).  

Because of the continuous 24-hour evaporative 
cooling in the RP, a decrease in the indoor average 
temperature is also noticed relative to the outdoor 
average (mean offset 1.7 K, with a maximum 
difference reaching 5.9 K). Likewise, a strong drop 
of the maximum indoor temperature in the RP is 
observed with respect to outdoors (average 4.0 K, 
with a peak of 7.9 K). 

In contrast, temperatures in the control cell (CC) 
closely follow the outdoor pattern. On sunny days, 
the daily maximum temperature is somewhat 
higher than the ambient, while the minimum 
temperature at the end of the night is in general 
slightly lower than outdoors. As a result, the mean 
indoor temperature in the CC (used here as a 
reference for assessing the Mean Cooling Potential -
MCP) is generally a few tenths of a degree higher 
than the ambient mean. In the RCCS, due to the 
added thermal mass with the RCM, minimum 
indoor temperatures are higher than outdoors. 
 
Figure 4:  
Temperatures measured at CC, RCCS, RP and outdoors in 
Series 3 (27-29 December 2019 and 9-11 January 2020). 
 

 
 

Figure 5:  
Temperature swing in CC, RCCS and RP and outdoors. 
  

 
 

 

Comparing the daily temperature swing (DT) in 
the RCCS with that of the RP module (Figure 5), a 
somewhat larger amplitude is observed in RP during 
Series 1-2. However, in Series 3 their amplitudes are 
very similar, except in the first days when the RP 
results in lower values. This is in part due to the 
difference in thermal mass between the two 
systems and to the heat gain/loss in each case. 

The indoor temperature swing is another factor 
that is positively affected by the RCM and the RP 
relative to outdoors. The decrement factor (ratio 
between the indoor and the outdoor temperature 
swing) is, for the three series, on average 0.44 and 
0.46, in the RCCS and in the RP, respectively (with 
standard deviations of 0.08 and 0.12), which are 
fairly close. However, as shown in Figure 5, due to 
the difference in the amount of water in the roof 
pond (29 l in Series 1-2 and 44 l in Series 3) in the 

first two series, the RP has a mean decrement 
factor higher than that of the RCCS (0.58 vs. 0.44). 
However, during Series 3, both systems present 
very similar decrement factors, 0.42 and 0.44 in the 
RCCS and in the RP, respectively. 

These values correspond to an average indoor 
temperature swing in the RCCS of 4.1 K, ranging 2.5-
5.7 K, and in the RP of 5.2 K, ranging 3.3-7.7 K. Thus, 
significant thermal stability is achieved in both 
systems. 

Figure 6 shows high correlation between the 
mean daily temperatures measured in the control 
cell and those in the two experimental cells RCCS 
and RP (R² of 0.885 and 0.938, respectively). The 
generated trend lines suggest that the efficiency of 
both systems tends to be similar for increasing 
mean daily temperatures in the control cell. 

 
Table 1:  
Characteristic temperatures in the control, experimental cells and outdoors. 
 

   Series 
Ambient Control Cell RCCS RP DT(cc-rccs) DT(cc-rp) 

Tavg 
(°C) 

Tmax 
(°C) 

Swing    
(K) 

Tavg  
(°C) 

Tmax 
(°C) 

Swing    
(K) 

Tavg 
(°C) 

Tmax 
(°C) 

Swing    
(K) 

Avg      
(°C) 

Tmax 
(°C) 

Swing       
(K) 

DTavg 
(K) 

DTavg 
(K) 

1 19.7 27.0 11.8 20.0 28.4 13.6 18.5 21.8 5.7 17.9 21.8 6.7 1.5 2.1 

2 18.6 25.7 11.1 19.0 26.6 11.8 17.7 20.3 4.3 17.3 21.2 6.7 1.3 1.6 

3 22.2 28.8 10.6 22.4 29.8 11.6 21.1 23.9 4.7 20.5 23.0 4.4 1.3 1.9 

Avg 21.1 27.9 10.9 21.4 28.9 12.0 20.0 22.9 4.8 19.5 22.5 5.2 1.34 1.92 

 
Figure 6:  
Correlations between indoor temperatures measured at 
CC versus RCCS and RP. 

 
 
3.2 Cooling potential 

The daily Mean Cooling Potential of the two 
systems (MCP), given in Wh/m².day, was assessed. 
MCP was calculated based on the difference of the 
average daily temperatures obtained in the two 
experimental cells (EC) relative to those registered 
in the control cell (CC). A large positive offset 
between Tcc and Tec means a high cooling 

potential. MCP can be calculated according to the 
following equation (1) [6]: 

MCP = (UAg × (Tcc - Tec) × 24) / A (1) 

Where UAg is the global thermal transmittance 
of the control module (W/K), estimated as 1.5 W/K, 
and for both EC and CC, since both have the same 
dimensions and typology as the test cells used and 
tested by González and González (2013). Tcc and 
Tec are the average daily temperatures in the 
control and experimental test cells, respectively, 
and A is the effective area of the ceiling, i.e. the 
internal area of the ceiling (m2). 

Figure 7 shows daily values of MCP and the main 
variables that influence the cooling potential of the 
systems: wet bulb temperature depression (Dwbt), 
average ambient temperature (Ta.avg) and metal 
plate temperature depression (DTr).  

The RP presents during most of the time higher 
MCP values than the radiant-capacitive system. The 
average MCPrccs is 106.2 Wh/m².day (with an 
average of 136.9 Wh/m².day in December and 74.9 
Wh/m².day in January), whereas the MCPrp is 152.5 
Wh/m².day (50.6% higher than that of MCPrccs), 
183.5 Wh/m².day in December and 129.5 
Wh/m².day in January. Taking a series of days 
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between December 19, 2019 and January 1, 2020 
for a comparative analysis, the cooling potential of 
the RCCS reaches 78% of the cooling potential of 
the roof-pond.  

While the thermal performance of the roof pond 
depends largely on the wet-bulb temperature 
depression, i.e. the difference between the dry bulb 
and the wet bulb temperature, throughout the 24 
hours of the day (MCP is strongly correlated with 
the DWBT, with r-square 0.79), the nocturnal sky 
temperature depression alone does not suffice to 
explain the RCCS’ performance on a 24-hour cycle.  

As the RCCS benefits from night-time radiative 
cooling, the cooling efficiency of the system 
primarily depends on the atmospheric conditions of 
the night sky. Cooling output is governed by cloud 
cover and moisture content of the atmosphere, 
along with existing pollutants and particulates that 
might affect the system’s performance. The 
radiative cooling potential of the location can be 
estimated according to Berdahl and Martin [7] in 
terms of the sky temperature depression (DTsky), 

which is the difference between the ambient air 
temperature (Ta) and the sky temperature (Tsky). 
The clearer the sky hemisphere and the less 
moisture the ambient air contains, the greater the 
potential for radiative cooling and the greater the 
overall efficiency of the system. 

In the RCCS, however, during daytime, the 
system’s performance is a function of the set of 
climatic conditions it is exposed to, ultimately 
responsible for heat gains through the module’s 
envelope. Therefore, in terms of the MCP, the 
thermal performance of the RCCS is much more 
complex to explain than that of the roof pond 
system. 

It is important to highlight the reason for the 
negative values of MCP in Figure 7. In those cases, 
the average daily temperature of the RCCS was 
higher than that of the CC. This is observed on days 
when there is a sudden drop in outdoor 
temperature (as in cold fronts) and the temperature 
at CC drops faster than at the RCCS due to its higher 
thermal mass. 

 
Figure 7:  
Mean Cooling Potential per day during experimental series and corresponding mean ambient temperature (Ta.avg), wet 
bulb temperature depression (Dwbt) and temperature depression of a metal sheet concurrently exposed to the sky during 
measurements (Dtr). 

 

3.3 The Thermal Performance Mean Ratio 
One way to evaluate the thermal performance 

of the RCCS in relation to the RP is by means of the 
ratio of the relationship between mean and 
maximum temperature depression reached in the 
test cells (RCCS and RP) with respect to the CC. As 
already pointed out, the depression of the mean 
temperature in the RCM with respect to the CC 

allows us to determine the mean cooling potential 
of the system. By dividing this by the same 
depression, yet using that obtained for the RP 
module, a ratio can be obtained that gives us a 
performance index for comparing both systems. 

The mean temperature depression in the RP 
(DTrp.avg) is equal to the difference between the 

 

mean indoor temperature at the CC and at the RP, 
as follows: 

DTrp.avg = Tcc.avg - Trp.avg       (2) 

Analogously, the mean temperature depression 
in the RCCS (DTrccs.avg) is equal to the difference 
between the mean indoor temperature at the CC 
and that at the RCCS: 

DTrccs.avg = Tcm.avg - Trccs.avg      (3) 

The Thermal Performance Index (TPI), 
understood as the ability of the RCCS to reach the 
mean temperature depression achieved by the RP 
module is given by: 

TPI (avg) = Tcc.avg - Trccs.avg / Tcc.avg - Trp.avg  (4) 

By the same reasoning, we can comparatively 
analyse the performance of both systems in terms 
of the daily maximum temperatures, as follows: 

 TPI (max)=Tcc.max-Trccs.max/Tcc.max- Trp.max (5) 

Where: Tcc.max = Daily maximum temperature 
at the CC; Trccs.max = Daily maximum temperature 
at the RCCS; Trp.max = Daily maximum temperature 
at the RP. 

TPI values can be less than, equal to or greater 
than 1. A TPI value equal to 1 means that the RCCS 
has a thermal performance equal to that of the RP 
taken as a reference. 

For the TPI (avg), the average value reached in 
the 50 days of these experimental series was 0.63. 
However, during 33 of the 50 days values higher 
than 0.6 are observed (with a TPI (avg) = 0.90). If 
the 11 days of these Series of rapid drop in 
temperature due to cold fronts are withdrawn from 
the analysis the PTI is higher than 0.8 reaching a 
maximum of 1.8, which means a greater cooling 
capacity than the RP. In 12 of the 50 days (24%) the 
TPI is equal to or greater than 1. Thus, when 
climatic conditions are moderately stable, without 
large temperature differences from one day to the 
next, the TPI (avg) is around 0.84, as is the average 
between the first 13 days of Series 3 (Figure 10). 

On the other hand, regarding the TPI (max), the 
average in these experimental Series was 0.95 with 
a maximum value reaching 1.72 and a standard 
deviation of 0.2. This means that the ability to 
reduce maximum temperatures of the RCCS with 
respect to the CC is very close to that of the RP and 
sometimes may even exceed it. 

Finally, it is interesting to note that during the 
first two experimental series the TPI max was 1.1 
(the roof pond had 6.5 cm of water), while in Series 
3 (the roof pond with 10 cm of water) TPI avg was 
0.95. This points to the importance of the amount 
of thermal mass in the RP for improving its thermal 
performance. 

 
4. CONCLUSION 

The results obtained with the experimental 
RCCS show that, although it is necessary to deepen 
the characterization and evaluation in full scale, 
indicate cooling potentials and the capacity to 
reduce internal temperatures for the thermal 
conditioning of buildings even in conditions that, as 
in the case of Curitiba, are not the most conducive 
to nocturnal radiative cooling.  

Based on the analyses performed with both 
passive systems, we conclude that the RCCS has a 
thermal performance comparable to, or even higher 
than, the RP. In general terms, under conditions of 
high ambient temperature and relatively favourable 
sky conditions for nocturnal radiative cooling (clear 
sky with low humidity content), the system has a 
thermal performance greater than 80% of that of an 
indirect evaporative cooling system. 

One last point, in full scale, the RCCS will have 
more promising results provided that the building 
already has substantial thermal mass. 
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ABSTRACT: Many investigations document the thermal performance of urban roofs and pavements. However, 
few studies have related the impact of vertical covering in urban warming. This paper therefore fills this gap by 
evaluating the thermal performance of colored ceramic materials used on urban horizontal and also on vertical 
surfaces. The results evaluate the influence of physical characteristics such as color, texture and finish, as well as 
the thermal and optical behavior of the study samples. The thermal measurement of the claddings exposed to 
solar radiation was registered on a typical summer day in February, 2022. The surfaces temperatures were 
observed each two hours throughout the day, under the influence of current weather conditions, and then the 
database was configured to develop statistical analyses. The solar reflectance of the samples was collected with 
a portable spectrometer. Throughout the experiment, the horizontal plane had the highest maximum 
temperatures. The results show that the white sample (WH_SP) reached the lowest surface maximum 
temperatures, 43.3°C and 38°C, horizontal and vertical surfaces, respectively. On the other hand, the black 
sample (BL_SP) reached the highest temperatures, 63.9°C and 41.8°C, horizontal and vertical plane, respectively. 
The results showed the considerable influence of position, color and solar reflectance on the thermal 
performance of urban claddings. 
KEYWORDS: Thermal performance, Solar reflectance, Urban envelopes, Facades, Microclimate 
 
 

1. INTRODUCTION 
Urban regions can be characterized by several 

microclimates according to the surfaces that 
compose them, such as asphalt, vegetation, and 
especially a wide range of building envelope 
materials that impact on the urban albedo result 
[1].  

In general, higher temperatures are observed in 
cities compared to the surrounding rural areas, this 
is known as heat islands. However, cities can 
reverse this phenomenon by considerably 
increasing the albedo of materials, being able to 
reduce the air temperature from 2°C to 4°C 
according to studies [2]. 

Heat islands studies are always in progress 
because implies issues of climate change and 
population growth in cities. The sixth report of the 
Intergovernmental Panel on Climate Change (IPCC) 
declares that global warming is likely to exceed the 
range of 1.5°C and 2°C in the 21st century and 
reports the importance of engagement from user to 
scientist to decision-making on mitigation and risk 
management process [3]. The implementation of 
heating mitigation measures is a way to prepare 
cities and buildings for the impacts of future 
urbanization, in addition to reducing future cooling 
demand [4]. 

 
 

Cool or highly reflective materials are materials 
with high solar reflectance and high infrared 
emittance [5-6]. 

In general, the use of more reflective materials 
can reduce up to 39°C in the surface temperature of 
the facades [7], 41°C on roofs [8] and 32°C on floors 
[9], comparing extreme situations of surface heat 
gains. 

Many investigations documented the thermal 
and optical performance of roofs and pavements 
[10]. Although, a few studies related the impact of 
vertical covering in urban warming. 

As soon, the objective of this paper is to 
evaluate the thermal potential of a group of 
ceramic coverings, understanding the influence of 
their optical and thermal properties and physical 
characteristics, such as reflectance and color, and 
also to analyze the difference of the heating of 
study samples, in the horizontal and vertical planes. 
 
2. MATERIALS AND METHODS 

This work presents an experimental study to 
analyze envelope materials commonly used in 
Brazilian buildings. Thus, an outdoor experiment 
was carried out under solar radiation in a typical 
summer week, in the southeast region of Brazil, in 
February 2022, using various colored ceramic 
claddings with different textures and finish, 
measuring 240mm x 116 mm and 9mm thick (Table 
1). 

 

 
Table 1: 
Classification of materials according to their 
characteristics observed. 
 

Sample 
code 

 Surface 
color 

Surface 
texture 

Surface 
finish 

BL_SP 
   Black Smooth Polished 

DB_SP 
  Dark blue Smooth Polished 

RED_SP 
  Red Smooth Polished 

LB_SP 
  Light blue Smooth Polished 

YE_SP 
  Yellow Smooth Polished 

BE_SP 
  Beige Smooth Polished 

WH_SP 
  White Smooth Polished 

TE_SM 
  Terracotta Smooth Matte 

CO_SM 
  Concrete Smooth Matte 

BE_SM 
  Beige Smooth Matte 

TE_RM 
  Terracotta Rough Matte 

CO_RM 
  Concrete Rough Matte 

BE_RM  Beige Rough Matte 
 

In this experiment, the sample was fixed on a 
horizontal and vertical platform made of MDF 
(Medium Density Fiberboard) and coated with EPS 
(Expanded Polystyrene), 40mm thick, working as 
adiabatic limit with respect to the conductivity of 
other samples or MDF boards. Both panels were 
positioned in the southern orientation, because this 
position the solar incidence is lower in most of the 
year. The horizontal was inclined according to local 
latitude, 23°, and the vertical 90°. 

The surface temperature measurement of each 
unit was collected using a Fluke Ti110 
thermographic camera (Fig. 1). They were observed 
every 2 hours, from 6am to 4am of the following 
day. The measured hourly surface temperatures of 
each unit correspond to the average temperature 
values of the total surface. These values are 
estimated automatically by selecting the specific 
area on the infrared images (Fig. 1), using the 
software Fluke SmartView Classic 4.4. 
 

Figure 1: 
Visible and infrared image of selects samples. 

 

  
 

The emissivity value of 0.9 was set in the IR 
camera and in the thermometer, as indicated in 
studies [11]. 

Stations ported with Testo 174H Data Loggers 
were installed on site for climate monitoring (Fig. 
2), recording air temperature and relative humidity 
every 10 minutes. 
 
Figure 2: 
Air temperature and relative humidity during the 
measurement day. 
 

 
 

Optical characteristics of the sample were also 
collected. The solar reflectance of the claddings was 
calculated following the procedures and methods 
proposed by studies [12-13], using the ALTA II 
Spectrometer, developed by the Lunar and 
Planetary Institute, in Houston-Texas, to obtain the 
radiation emitted in 11 wavelengths, between 470 
and 940 nanometers (7 in the visible region and 4 in 
the infrared region). Several studies report good 
reliability of this instrument [13-14].  

Solar elevation, azimuth and solar chart from 
the day of thermal measurement were collected on 
SunEarth's website. It is a tool for consumers and 
designers of solar energy. The data are according to 
the specific local coordinates (22°43'S and 46°51W) 
and in the GTM-3 time zone. 
 
3. RESULTS 

This section presents results of the 
measurement of the sample surface temperatures 
(°C), from the horizontal and the vertical 
experiments. The daily maximums and minimums 
are provided (Table 2 and Fig.3). The highest 
maximum temperature recorded in this research 
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was 63.9°C, for the black sample (BL_SP) in the 
horizontal platform. On the contrary, the white 
sample (WH_SP) in the vertical platform, presented 
the lowest maximum temperature, 38°C. Therefore, 
there is 25.9°C of difference between the data 
extreme. 

In the horizontal position, the black and white 
samples (BL_SP and WH_SP) obtained, respectively, 
an increase of 22.1°C and 5.3°C in the maximum 
temperatures in relation to the vertical position. 
That is, more heat accumulates in the horizontal 
plane, and dark materials are more influenced by 
the position of the coating. Dark roofs and floors 
can reach high temperatures, as they are under the 
direct influence of solar radiation. 

The difference of maximums and minimums and 
the daily averages are also provided (Table 2). The 
difference ranged from 29.5°C to 49.8°C in the 
horizontal panel and from 20.5°C to 24.2°C in the 
vertical panel. From a first point of view, samples 
heat up more and cool down more in the horizontal 
experiment. But another observation is that 
considering the total averages, the vertical study 
with 27.6°C remains hotter throughout the day, 
even not reaching the maximum temperatures of 
the horizontal study, which has a total average of 
23.2°C. 

 

 
Table 2: 
Reflectances and daily surface temperatures (maximums, minimums, differences and averages) 
 

Code Reflectance 
(%) 

Horizontal Platform (°C) Vertical Platform (°C) 
Maximum Minimum Difference Average Maximum Minimum Difference Average 

BL_SP 0.3 63.9 14.1 49.8 21.0 41.8 17.6 24.2 28.6 
DB_SP 3.6 63.4 14.0 49.3 20.7 41.1 17.4 23.7 28.3 

RED_SP 16.2 55.7 14.0 41.7 20.2 39.4 17.3 22.1 27.5 
LB_SP 20.6 51.3 13.8 37.5 19.8 39.1 17.4 21.7 27.6 
YE_SP 29.6 50.7 13.9 36.8 20.0 38.3 17.1 21.1 27.0 
BE_SP 30.9 49.7 13.9 35.8 19.8 39.0 17.1 21.9 27.5 

WH_SP 50.4 43.3 13.8 29.5 19.2 38.0 17.5 20.5 26.7 
TE_SM 11.6 56.6 13.9 42.7 51.5 40.4 17.5 22.9 27.9 
CO_SM 10.4 56.6 14.5 42.0 21.8 40.8 17.1 23.7 27.9 
BE_SM 25.4 52.8 14.6 38.1 21.5 40.3 17.3 23.0 27.7 
TE_RM 10.0 59.6 14.3 45.2 22.5 39.7 17.5 22.2 27.4 
CO_RM 10.3 58.4 14.3 44.1 22.1 39.6 17.1 22.5 27.4 
BE_RM 24.5 53.8 14.8 38.9 21.9 38.6 17.6 21.0 27.3 

Note: The average of each sample was taken from all data measured throughout the day. 
 

Observing the minimum temperatures (Fig. 3), 
the values do not show significant differences 
between the samples. Additionally, during the night 
period the performance of the samples is strongly 
affected by the infrared emittance [10]. 

However, it was found that all the polished 
claddings on the horizontal platform recorded the 
daily minimum temperatures at 22:00, while all the 
matte ones at 6:00 (Fig. 3 and 7). That is the 
polished samples cooled down faster. 

The white coating (WH_SP) presented the best 
thermal performance of all, and dark color 
claddings such as black, blue and terracotta, 
presented the worst performances and high 
amplitudes. These results reinforce the discussion 
about the thermal performance of claddings in the 
known literature. White coating was also 
considered a suitable material for covering buildings 
as they provide good thermal comfort for outdoor 
environments, improving the urban microclimate 
[8-10]. Overall, research reports the low efficiency 
of dark-colored surfaces [7,9,15].  

 

Figure 3: 
Daily maximum and minimum surface temperatures, 
from the horizontal and vertical coverings.  
 

 
 

 

 

The most unfavorable facade coating is black. 
The surface temperature difference found between 
this coating and the white, with the highest 
performance, was 17.5°C, in another study [7]. In 
this work, the difference between the maximum 
temperatures of the sample BL_SP and WH_SP is 
20.6°C, horizontally. And 3.8°C, vertically. 

In the comparison between solar reflectance 
and maximum surface temperature, the claddings 
with the highest values of solar reflectance, as 
expected had the lowest surface temperatures. The 
samples with the best thermal performances, 
WH_SP, LB_SP, BE_SP, BE_SM, BE_RM and YE_SP, 
have the highest percentages of solar reflectance, 
50.4%, 20.6%, 30.9%, 25.4%, 24, 5% and 29.6%, 
respectively. The reflectances of the other claddings 
varied in a low range, from 0.3% (for the black 
coating) to 16.2% (for the red coating). It is possible 
to affirm, like other studies [6-11], that the main 
factor that affects the thermal performance of the 
sample during the day is the solar reflectance (Fig. 
4). The correlation between solar reflectance and 
maximum temperature is -0.97 for the horizontal 
experiment, and -0.80 for the vertical one. There is 
a strong inverse correlation. It is important to 
remember that several studies also evaluate the 
interference of weathering over time, which can 
cause changes in solar reflectance [16-17-18]. 
 
Figure 4: 
The correlation between maximum daily surface 
temperature and the solar reflectance, from horizontal 
and the vertical experiments. 
 

 
 

The following data describe the solar elevation 
and the solar azimuth of the thermal measurement 
day (Table 3). The hourly average temperatures of 
both experiments, during the influence of solar 
radiation (from 8am to 16pm), were plotted in 
graphs and overlapped on the solar chart (Fig. 5). It 

is possible to observe the solar trajectory in 
comparison with the thermal measurement data of 
the claddings. 
 
Table 3: 
Data of solar position from the thermal measurement 
day. 
 

Hour Solar Elevation (°) Azimuth (°) 
6:00 1.03 99.76 
8:00 26.24 88.57 

10:00 53.52 72.92 
12:00 75.03 19.82 
14:00 62.2 296.69 
16:00 35.55 275.86 
18:00 7.91 264.08 

 
Figure 5: 
Average surface temperatures and the solar trajectory, 
from horizontal and vertical experiments. 
 

 
 

At 8am, the vertical experiment heated up more 
quickly, but at 10am the horizontal study already 
registered greater heating. According to the analysis 
of climatic conditions, at 12am there was a small 
drop in temperature, reflecting the heating of the 
samples. As a result, a reduction of up to 2.4°C 
occurred in relation to the previous measurement, 
at 10am. In this analysis, south facades indicated 
low heating potential and lower differences of 
surface temperatures, good to thermal balance 
externally and internally. 

By observing heating and cooling at different 
times, from 6am to 10am, from 10am to 2pm, from 
2pm to 6pm, and from 6pm to 10pm, was verified 
the thermal difference of the experiments 
(°C/hour). The greatest heat gain occurred from 6:0 
to 10:0 in the horizontal study (+30.6°C), noting that 
the azimuth is close to 90° in this period. On the 
other hand, it presented the highest heat loss from 
2pm to 6pm (-9.3°C). At 2pm there is the highest 
solar azimuth (296.7°). 
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Table 4: 
Heat gain and heat loss, from horizontal and vertical 
experiments. 
 

Period Horizontal (°C) Vertical (°C) 
6:0 to 10:0 +30.6 +18.9 

10:0 to 14:0 +9.3 +3.1 
14:0 to 18:0 -29.3 -8.5 
18:0 to 22:0 -10.0 -9.4 

 

Finally, it is possible to notice the behavior of the 
samples considering the temperatures measured 
every two hours during the day and night (Fig. 7), 
highlighting again the samples with the best and 
worst performance in both experiments (WH_SP 
and BL_SP). In summary, the horizontal experiment 
recorded greater differences between the surface 
temperatures, as the vertical experiment is more 
constant, but the average surface temperature is 
high.

Figure 6: 
Distribution of surface temperatures every two hours, from horizontal and vertical experiment. 
 

 
 
 
3. CONCLUSIONS 

Optical properties affect mainly the thermal 
balance of the evaluated ceramic claddings. In 
general, the greater is the reflectivity of the sample 
to solar radiation (during the day), the surface 
temperature reached lower values. This correlation 
is very evident on the horizontal and on the vertical 
experiment. This research also showed how the 
surface coating applications (horizontal and vertical 
orientation) influences on the thermal performance 
of urban envelopes. It should be noted that on the 
horizontal experiment the variables solar 
reflectance, surface color, and finish demonstrated 
influence. The higher the solar elevation and the 
closer the azimuth is to the facade normal, the 
higher the surface temperature, considering both 
experiments. In any case, the materials present in 
the facades of urban buildings absorb solar energy 
and infrared radiation. Heat accumulates on their 
surfaces and dissipates it into the atmosphere. Then 
the use of claddings with better thermal 
performance plays an important role in mitigating 
heat islands and cooling in urban areas. Of all the 
sample considered in this study, WH_SP is the best, 
followed by the beige, yellow, and light blue 
samples (BE_SP, YE_SP, LB_SP), all polished. As 

expected, the best thermal performance is     
associated  with   light-colored   materials.    On   the  
 
 
contrary, dark claddings, such as black, dark blue 
and terracotta, absorb more heat and their use in 
urban constructions can cause thermal discomfort 
to pedestrians on the streets and sidewalks.  

This research will be continued by estimating 
the thermal performance for other solar 
orientations such as north, east and west and for 
different weather seasons. 

All the information and conclusions obtained in 
this experiment are useful to formulate 
architectural strategies and even urban guidelines 
to deal with urban warming and mitigate the 
extreme events of climate change. 
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Viewing a building as a material bank 
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ABSTRACT: Reversible Design leads to efficient use of raw materials, as well as, a CDW reduction by: making 
flexible and adaptable designs favourable for new uses and programs; and recovering both the built surface and 
its construction components for new uses, in order to create a materials reserve. At the same time, a Reversible 
Design also has several restrictions to consider (structural, economic, environmental, and various others) that 
differ with the project’s location. To be able to advance towards a Reversible Design, we need to ask ourselves 
How reversible are our dwellings?. This study determinate the reversibility for the most abundant archetype of 
Chilean housing by analysing there structure’s adaptation, circularity of components, and deconstruction and 
disassembly potential. The study shows the low reversibility of Chilean housing and gives clues on how to 
improve it. The method, which can be replicated in other contexts, makes it possible to take an X-ray of the 
existing housing stock with a view to improving its reversibility. 
KEYWORDS: housing; transformable architecture; adaptable buildings; sustainable architecture 
 
 

1.  PROBLEM STATEMENT 
In recent years, national and international politics 
have paid special attention to sustainable concepts 
associated with construction projects, creating the 
need to reduce their environmental impact, as well 
as conduct enhanced and more efficient resource 
management. The design of sustainable projects 
requires a paradigmatic change, allowing for 
development to not be a synonym for squander 
that is typically provoked by uncontrolled misuse 
and disposal, but rather replacing linear production 
cycles with circular cycles (Bedoya, 2011). The 
development of processes to reduce the quantity of 
material necessary for building construction, along 
with the reintegration of residual scraps into the 
system, are required in order to reduce waste 
resulting from said activity.  
Nevertheless, the current approach to building 
design and construction has a high environmental 
impact. In particular, the generation of Construction 
and Demolition Waste (CDW) represents a serious 
problem for cities worldwide. In fact, the global 
CDW generation rate is disconcertingly high; the 
waste generated by the European construction 
industry constitutes 36% of Europe’s total waste 
(Eurostat, 2019). In Chile, it is estimated that the 
construction industry generates 7,1 millions tons of 
annual CDW, with the Metropolitan, Valparaiso, 
and BioBio regions being the largest generators of 
the annual residential CDW (Molina-Ramírez, Ossio, 
& Urria, 2019). 

The mismanagement of CDW has caused multiple 
impacts in the country, including the need to have 
ground prepared for appropriate disposal, and 
required management costs (Jin et al. 2017; Valdés 
& Rapimán 2007). Additional impacts include those 
derived from CDW transportation and poor 
disposal, such as: occupying land suitable for other 
uses, urban problems, visual impact, risks of 
massive removals or landslides, soil contamination 
due to gypsum accumulations and their mixture 
with organic residues, increased fire risks due to the 
discharge of hazardous and/or combustible 
residues, contamination of surface waters and 
groundwater due to leaching caused by CDWs 
coming contact with rain water, risks before 
catastrophes, damage to public health, and impact 
to  flora and fauna (Acosta, 2002). This situation is 
aggravated given the slow degradation of CDW 
compared to its accumulation rate (Asociación 
Española de Reciclaje de Residuos de Construcción y 
Demolición, 2019), as well as its low capacity for 
recycling or reintegration into the economic cycles. 
As the high generation of CDW is a multifactorial 
problem, involving all the key players in the 
construction industry (especially architects and 
builders, researchers, suppliers, as well as users), 
anticipation from as early as the design stage is 
essential for the environmentally sound 
management of CDWs. In fact, adequate 
anticipation of the end of life for building accounts 
for the limitations and needs related to the useful 
lifespan of the projects, their reversibility even in 

 

the design phase, and the end of life for the 
materials. 
The above takes relevance when considering the 
volatile changeability of the needs of the users, and 
those living with the built environment, leading to 
an accelerated obsolescence of buildings, and 
consequently, to high CDW generation. In fact, 
building obsolescence is in part caused by physical 
phenomenon (deterioration of materials) as well as 
the result of human activities where functional and 
economic factors play an important role. In doing 
so, the technical useful life of projects (durability of 
the materials) can be greater than the functional 
useful life (use for which the property is intended) 
or the economic useful life (period in which its use 
is economically profitable). It is in this regard that 
the adaptability of buildings intended from design 
commencement is especially relevant (Galle, 
Vandervaeren, De Temmerman, et al., 2019). 
Finally, the lack of resources, along with 
environmental problems, raises the question of 
whether the construction industry, which is 
responsible for using 40% of virgin materials mined 
worldwide (Enshassi, Kochendoerfer & Rizq, 2014), 
should have a more active role in this issue. The 
existing residential building stock represents the 
largest financial, physical, and cultural asset in the 
industrialized world. This existing building stock also 
represents our future material stock to be reused or 
to be recycle (Gobbo, 2015). A sustainable society is 
not possible until this key resource can be managed 
sustainably. The demolition of buildings in order to 
erect new structures, without considering their life 
cycle, results in an inefficient practice with negative 
economic, energy, and social impacts. The existing 
constructions should incorporate the circular 
economy via: a Reversible Building Design approach 
integrating flexible and adaptable designs for new 
uses and programs; a subsequent reduction in 
CDWs and efficient use of virgin resources; as well 
as the revaluation of its construction components 
as a materials reserve (Gobbo, 2015). 
 
2. BACKGROUND 
The concept of a Reversible Building Design is 
related, either directly or indirectly, to many terms 
that have gained momentum among architects and 
academics, applicable in different phases 
throughout the life of the project.  
Concepts that aim to extend the building-use stage 
include: Design for Longevity (Sassi, 2004; Morgan 
& Stevenson, 2005) that aims to guarantee a long 
life to the building through strategies that allow it 
to adapt to programmatic changes and facilitate its 
maintenance and improvement; Design for Change 
(Webster, 2007; Heidrich et al., 2017) that refers to 
designs that recognize that the needs and 

aspirations of users evolve, therefore seeking 
building designs that adapt to these changes in the 
most effective way; or Design for Adaptability 
(Basta, Serror, & Marzouk, 2020; Giorgi, Lavagna, & 
Campioli, 2020; Gosling, Sassi, Naim, & Lark, 2013; 
Heidrich et al., 2017; Morgan & Stevenson, 2005; 
Rios, Chong, & Grau, 2015; Webster, 2007) that 
corresponds to a design strategy that aims to 
anticipate the future rehabilitation of a building and 
allow it to be easily reconfigured for another use.  
All these strategies are related to Reversible 
Building Design, and consider the evolution of 
operational buildings through intermediate 
transformations to extend their total life cycle. 
Likewise, this design allows us to make the energy 
and material consumption more efficient by 
reducing the generation of CDW. 
In a building’s final end-of life phase, concepts 
related directly to the notion of reversible design 
include: Design for Deconstruction (Akinade et al., 
2017; Basta et al., 2020; Buyle, Galle, Debacker, & 
Audenaert, 2019; Eckelman et al., 2018; Morgan & 
Stevenson, 2005; Rios et al., 2015; Webster, 2007) 
that corresponds to a design strategy permitting the 
easy separation of its materials and components to 
better facilitate recycling and reuse, or Design for 
Disassembly (Aguiar, Vonk, & Kamp, 2019; Basta et 
al., 2020; Buyle et al., 2019; Giorgi et al., 2020; 
Heidrich et al., 2017; Klinge A, Roswag-Klinge E, 
Paganoni S, & Lehmann, 2019; Morgan & 
Stevenson, 2005; Rios et al., 2015; Stephan & 
Athanassiadis, 2018) that corresponds to a design 
strategy used to create construction elements that 
can be easily disassembled without causing any 
damage so that the components can be reused. 
Faced with this multiplicity of terms and notions, it 
is difficult to establish a clear understanding of the 
exact nature of Reversible Design. According to 
Oxford Advanced Learner's, reversible signifies the 
capability to return its original state or situation. 
Thus, the Reversible Building Design concept refers 
to the “integration of disassembling possibilities 
from the initial design of a project or product. It 
integrates a reflection on the mounting methods, 
the compatibility between layers and the life spans 
of the construction elements” (Trachte, Gobbo, & 
Massart, 2019). Reversible Design is essential to 
achieve an enhancement of existing buildings and 
new projects through adaptive design, scheduled 
disassembly, and CDW reuse. 
To such a degree, the Reversible Building Design 
integrates notions of adaptability and flexibility, as 
well as the notion of reversible connections, 
connections that can be disassembled without 
damaging the components they connect, whether 
forming part of a building’s structure, function 
and/or envelope. The reversibility of the 
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connections has a great influence on the potential 
of environmentally sound management of CDWs at 
the project’s end-of-life and is considered a 
prerequisite for deconstruction. 
Furthermore, the Reversible Building Design 
requires the consideration of several restrictions 
(structural, economic, environmental, among 
others) which differ depending on the location of 
the project (each country has its own 
environmental, economic, and local regulations). 
Therefore, it is pertinent to analyze, on the one 
hand, the national regulatory framework 
(constructive and environmental) governing the 
entire life cycle of construction materials or 
elements, including possible reversibility and 
construction reuse, with the aim to identify and 
understand the opportunities and obstacles of a 
complex legislative framework on the application of 
Reversible Building Design in Chile. And on the 
other hand, to analyze the Reversible Building 
Design evaluation systems, allowing us to 
determine the potential reversibility of current 
architectural designs considering reversible 
connections that are applicable according to the 
legal regulatory framework. 
 
2. RESEARCH QUESTION AND OBJECTIVES  
Studies have shown that a Reversible Design leads 
to efficient use of raw materials, as well as, a CDW 
reduction by: making flexible and adaptable designs 
favorable for new uses and programs; and 
recovering both the built surface and its 
construction components for new uses, in order to 
create a materials reserve. (Debacker et al., 2015; 
Durmisevic et al., 2017; Vefago & Avellaneda, 
2013). At the same time, a Reversible Design also 
has several restrictions to consider (structural, 
economic, environmental, and various others) that 
differ with the project’s location (each country has 
their own set of environmental and economic 
limitations, along with local regulations).   
This is particularly true in Chile, a country that is 
divided into 16 administrative regions located in 
different climatic zones. The housing stock in said 
zones comprises up to 6 million units whose 
characteristics vary according to local weather 
conditions, and availability and accessibility of 
construction materials. A recent study showed that 
496 archetypes can be used to represent 100% of 
the housing stock in Chile and only 8 can represent 
35% of the stock. (Molina, Kent, Hall, & Jones, 
2020). 
To be able to advance towards a Reversible Design, 
we need to ask ourselves “How reversible are 
dwellings in Chile?” By analyzing the adaptation, 
circularity of components, and deconstruction and 
disassembly potential of structures that use existing 

designs, and based on what has already been 
mentioned, we should be able to moving towards 
new reversible designs. 
Consequently, this study aims to determinate the 
reversibility for the most abundant archetype of 
Chilean housing by analyzing there structure’s 
adaptation, circularity of components, and 
deconstruction and disassembly potential. 
 
3 METHOD 
The method divides itself into four main stages, 
namely: (3.1) Archetype Characterization; (3.2) 
Assessment of the potential adaptability; (3.3) 
Assessment of circularity of components and (3.4) 
Assessment of the deconstruction and disassembly 
potential. 
 
3.1 Archetype Characterization  
The archetype analyzed corresponds to the most 
abundant archetype in Chile. It represents 6.8% of 
the stock (Figure 1). It is a detached single-storey 
uninsulated house, constructed with clay bricks in 
central cities of the country, prefabricated panels in 
northern cities, and wooden panels in southern 
cities (Molina et al., 2020). The detailed analysis 
required technical documentation and 
quantification of the materials used. In order to do 
this based on the characteristics; representative 
model of the same type was through buildings 
permits and documentation that are currently 
present in the municipalities.  
 
Figure 1:  
Floor plans and of the reference archetype.  

 
Note: The design is based on the available information in 
(Molina et al., 2020). 
 
 
3.2 Assessment of the potential adaptability 
The functional adaptability for the archetype was 
evaluated on a scale of 0 to 100, considering 
aspects such as Space efficiency, Ceiling height, 
Building depth, Floor layout, Structural Flexibility, 
and Technical Building Service Flexibility, by means 
of an instrument provided by the DGNB 
Certification System belonging to the German 

 

Sustainable Construction Council (DGNB System, 
2017). 
 
3.3 Assessment of circularity of components 
The archetype's percentage of inclusion of materials 
and components with circular attributes was 
determined using the methodology proposed by 
the World Business Council for Sustainable 
Development (2021). The circularity of components 
is calculated as the average of circular inputs and 
outputs in mass. For the circular inputs, the 
percentage renewable or non-virgin percentage (no 
distinction is made between them) of the 
material/element/product is considered. On the 
other hand, circular outputs are calculated as the 
multiplication between the percentage recoveries 
potential (reflects the company's capacity to design 
appropriately) and the percentage actual recovery 
(reflects the capacity of the ecosystem to take 
over). 
 
3.4 Assessment of the deconstruction and 
disassembly potential 
Disassembly security was determined following the 
recommendations in the ISO/DIS 20887 standard: 
Sustainability in buildings and civil engineering 
works - Design for disassembly and adaptability - 
Principles, requirements and guidance 
(International Organization for Standardization, 
2020), using a scale from 0 to 100. 
 
4. RESULTS AND DISCUSSION 
The archetype analyzed represents 6.8% of the 
stock (4.7 million units). It is a detached single-
storey uninsulated house, constructed with clay 
bricks in central cities of the country (180.744 
units), prefabricated panels in northern cities 
(61.713 units), and wooden panels (77.261 units) in 
southern cities. It has two bedrooms, two 
bathrooms and a separate kitchen. Its heating and 
cooking fuel is generally gas. Its mean household is 
3.4 persons whose average socioeconomic status 
ranges from the 2nd decile (by population) in the 
centre-south of Chile to the 7th decile in the capital 
region (Molina et al., 2020).   
The mass of the archetype varies depending on its 
main materiality. Thus, the clay bricks house weighs 
57 ton, prefabricated panels house weighs 48,8 ton 
and wooden panels house weighs 30,2 ton. 
Space efficiency, Ceiling height, Depth of floor plan, 
Floor layout, Structure and Building services were 
considered to determine the potential for 
adaptability.  Therefore, it is not dependent on the 
main materiality of the dwelling and is a unique 
value for the archetype under study. 
 
Table 1:  

Potential for adaptability 

Indicator Potential for 
adaptability (%) 

Space efficiency 0% 
Ceiling height 30% 
Depth of floor plan 100% 
Floor layout 
Structure 
Building services 

100% 
50% 
77% 

Total 59% 
 
 
As shown in Table 1, the potential for adaptability in 
the archetype analyzed is 59%. The adaptability is 
strongly influenced by Depth of floor plan and Floor 
layout and to a lesser extent by Building services. 
To increase the adaptability potential of the 
analysed archetype, it is necessary to improve the 
Space efficiency, i.e. to improve the ratio of usable 
area to total area. 
As shown in Table 2, the circularity of the 
components in the archetype analyzed varies 
between 1.4% and 10.3%, depending on the 
representative materiality. 
 
Table 2:  
Circularity of Components  

Materiality 
Circular 

Input 
(kg) 

Circular 
Output 

(kg) 

Circularity 
Components 

(%) 
Clay  

Bricks 
879 682 1,4% 

Prefabricated 
Panels 

3.027 1.428 4,6% 

Wooden 
Panels 

3.833 2.397 10,3% 

 
The percentage of circularity of the components 
considers both the incorporation of materials with 
such attributes (Circular Input), as well as the 
possibility that these materials have of re-entering 
the economy at the end of the project's life cycle 
(circular output).  
Although low, the percentage of circularity of 
components (Table 1) is strongly influenced by 
circular inputs. This is due to the fact that the 
dwellings, despite having possibly valuable 
materials, are in a context that is not normally 
applied, and lose practically all of their value during 
the demolition stage (a process that is currently 
destructive). 
On the other hand, the circular entries depend only 
on the attributes of the material, so their influence 
on the percentage obtained is less obstructed, 
unlike the circular outputs, which depend on the 
material, its potential for valorization and the 
current rate of valorization on the market. 
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Standardization, ease of access to components and 
services, safety of disassembly, simplicity, 
independence and avoidance of unnecessary 
treatments and finishes were considered to 
determine the potential of the deconstruction and 
disassembly.  Therefore, it is dependent on the 
main materiality of the dwelling. 
As shown in Table 3, the potential of the 
deconstruction and disassembly in the archetype 
analyzed varies between 49% and 54%, depending 
on the representative materiality 
 
Table 3:  
Potential of the deconstruction and disassembly 

Materiality Potential for 
deconstruction (%) 

Clay Bricks 49%  
Prefabricated Panels 49% 
Wooden Panels  54% 

 
The difference between the archetypes is not 
significant and in all of them, the potential for 
deconstruction is strongly influenced by the rigidity 
of the structure. Thus, improving the 
standardization, ease of access to components and 
services, and simplicity of structure would have a 
significant effect on the potential for 
deconstruction. 
 
4. CONCLUSION 
Reversible Design leads to efficient use of raw 
materials, as well as, a CDW reduction by: making 
flexible and adaptable designs favorable for new 
uses and program. In Chile, the most representative 
archetype of the housing stock has a under 
potential for reversibility. 
In terms of potential for adaptability, the archetype 
analyzed is 59% adaptable. Improving the depth of 
floor plan and Floor layout and to a lesser extent by 
Building services would have a significant effect on 
the potential for adaptability. 
The inclusion of materials with circular attributes is 
rather low; increasing the inclusion of such 
materials requires an ecosystem to provide them 
and a policy framework to encourage it. 
Finally, the potential for disassembly may increase 
as design strategies are taken to make the structure 
more flexible. 
As a conclusion, the reversibility of the archetype 
studied can still be improved by applying the 
principles of the circular economy to the design. 
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ABSTRACT: Air pollution is a problem that affects the health of the world's population. One cause is that buildings 
have poor or not thermal insulation, which generates a high energy consumption for heating, which is supplied 
with the combustion of biomass in low efficiency appliances, releasing into the environment a large amount of 
particulate matter. In this context, thermal insulating materials are key allies to reduce energy demand in 
buildings, which is why progress must be made in the sustainable development of these materials. In this work, a 
characterization of two algae present in the Chilean coasts was carried out, in order to revalue them and generate 
a prototype of a natural and sustainable material. Their physicochemical properties were analyzed and the results 
show the algae has excellent thermal insulation qualities, with an average thermal conductivity of 0.036 [W/mK]. 
This result is comparable to expanded polystyrene (EPS), a material widely used in the Chilean market, which has 
an average thermal conductivity value of 0.038 [W/mK]. In addition, the algae presented good thermal stability 
and its morphology contributes to the development of a bulk material, since it has a porous structure with air 
chambers between the fibers. 
KEYWORDS: Energy efficiency, natural thermal insulation, low environmental impact material, sustainability.  
 
 

1. INTRODUCTION 
In several cities around the world, high 

concentrations of fine particulate matter (PM2.5) 
have been evidenced, causing serious respiratory 
diseases, being the residential park one of the main 
responsible for such emissions [1, 12]. In addition, it 
has been shown that buildings consume over 40% of 
the energy worldwide, which is why it is essential to 
analyze the energy efficiency of buildings, 
specifically in the design, since it is at that time 
where appropriate thermal insulation materials can 
be specified to reduce energy consumption in 
buildings and thus reduce emissions of particulate 
matter and greenhouse gases worldwide [8, 9, 11, 
20]. In Chile, among the strategies proposed by the 
“Ministerio de Vivienda y Urbanismo” (MINVU) is to 
"improve the thermal insulation standards of 
housing" in order to reduce the demand for heating, 
however, this brought an increase in the demand for 
thermal insulation materials where the market is 
dominated by synthetic products with high 
environmental impacts in their life cycle [5, 13, 16]. 

Several studies have showed the possibility of 
generating and using new thermal insulating 
materials with low environmental impact with 
residual natural fibers or recycled products [14, 21], 
which allow maintaining thermal comfort conditions 
and reducing energy consumption in the operational 
stage of buildings; among them is the development 

of a natural polymer got from the Hydrangea 
Macrophylla plant, where thermal conductivity 
results comparable to traditional insulating materials 
were got [2, 13, 15, 17]. 

In this work, a physicochemical characterization 
of the algae Pelillo (Agarophyton chilense) and 
Lamilla (Ulva lactuca) was carried out in order to 
generate a prototype of thermal insulating material 
with low environmental impact to reduce heat 
energy losses in buildings. 
 
2.  MATERIALS AND METHODS 
2.1 Materials 

The algae were collected from the shores of the 
coasts of the island of Quinchao, belonging to the 
Chiloé archipelago, on beaches authorized for 
harvesting the material, in the Putique sector, Figure 
1 shows the algae in the extraction meadow. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1:  
Pelillo and Lamilla in extraction meadow.

 
 

The algae were then dried on both sides at room 
temperature on the same beaches and the excess 
sand was removed and taken to the laboratory for 
measurement and testing. 
2.2 Moisture 

Moisture content was obtained using a BOECO 
moisture analyzer, model BMA H50, with a power of 
400 [W], which works with a halogen light in a 
temperature range of 10-40°C and delivers results 
with an accuracy of 0.001%. The equipment 
generates a gradual heating process with time 
intervals in which the changes in mass experienced 
by the samples are measured until the meter detects 
constant mass. 
2.3 Density 

This property was determined by relating the 
mass of algae that could be deposited (without 
compacting) in a cylindrical polyvinyl chloride 
specimen with a volume of 393.55 [cm3]. The 
cylindrical specimens serve as the basis for 
measuring the thermal conductivity of the samples. 
2.4 Thermal conductivity  

This measurement was performed with the 
Decagon "KD2 Pro" instrument, which is based on 
the "Transient Line Heat Source" method and 
complies with the specifications of the IEEE 442-1981 
standard and ASTM D5334-08. 

In order to study in greater depth the thermal 
behavior of the algae, triplicate measurements were 
made at different density levels of the samples, 
where Pelillo was analyzed between 60 - 80 [kg/m3], 
while Lamilla was analyzed between 50 - 70 [kg/m3]. 
2.5 Thermal stability 

The algae were previously prepared by drying in 
an oven at a constant temperature of 40°C and then 
crushed until homogeneous samples were obtained. 
Measurements were performed on a TGA/DSC 
STA6000, Perkin Elmer, USA. The purge gas and 
carrier gas used was nitrogen (N2) at 40 ml/min. The 
temperature program used was as follows: a heating 
from 25 - 120°C at a heating rate of 50°C/min; then 
held for 3 minutes at 120°C; heating from 120 to 
950°C at 100°C/min; cooling from 950 to 450°C at 

100°C/min, gas change to oxygen at a flow rate of 40 
ml/min; heating from 450°C to 800°C at 100°C/min 
and finally a 3-minute isotherm at 800°C. 
2.6 Surface analysis (Morphology) 

The morphological visualization of the samples 
was performed by scanning electron microscopy 
(SEM), with a VP-SEM SU 3500 Hitachi-Japan 
microscope, considering the following magnification 
conditions: 40-100-200-500X, BSE detector, 10KeV, 
WD~12 (mm), 30 (Pa).  
 
3.  RESULTS AND DISCUSSION 
3.1 Moisture 

Under normal conditions, algae can absorb and 
eliminate moisture quickly, which is why their 
moisture content must be measured and controlled 
so as not to affect their thermal performance [19]. 
Table 1 shows the details of the fiber measurements, 
where the Pelillo samples had an average moisture 
content of 12.02%, while Lamilla had an average 
moisture content of 14.91%. These results are 
attributed to the open porosity of the fibers and in 
the case of Lamilla it has a much more porous 
structure than Pelillo, which is why it has a higher 
moisture content. Although the percentages are 
higher with respect to other fibers, such as those of 
lignocellulosic composition that border 6% [15], they 
are comparable with traditional insulating materials, 
therefore, it is a quite favorable result for the 
thermal conductivity of algae and its possible use as 
thermal insulation materials in buildings [7, 10]. 
 
Table 1:  
Moisture content of the samples [%]. 

Sample S1 S2 S3 AVG SD 
Pelillo 11.80 11.92 12.33 12.02 0.28 
Lamilla 15.68 12.96 16.10 14.91 1.70 

 
3.2 Density 

The density for the Pelillo samples ranged 
between 60-80 [kg/m3], while for Lamilla the density 
ranged between 50-70 [kg/m3]. These results are 
similar to the densities of traditional thermal 
insulating materials such as glass wool, mineral wool, 
polyurethane foams and expanded polystyrene that 
vary between 10-90 [kg/m3] [5, 6, 18]. On the other 
hand, the results for both algae are lower than other 
lignocellulosic fiber materials whose densities range 
from 105-130 [kg/m3] [16]. Table 2 shows some 
comparative density data between materials. 
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Table 2:  
Material density. 

Material Density [kg/m3] 
Pelillo 60-80 
Lamilla 50-70 
Expanded polystyrene 10-30 
Mineral wool 40-90 
Glass wool 10-47 
Wheat straw 105-115 

 
3.3 Thermal conductivity  

The thermal conductivity measurement is shown 
in Figure 2 and is the same procedure for each 
sample of each fiber, and it is indicated that Pelillo 
obtained an average of 0.036 ± 0.003 [W/mK], while 
Lamilla obtained a value of 0.036 ± 0.004 [W/mK]. 

Now, when comparing these data with the other 
materials, it can be observed that the algae present 
thermal conductivities similar to the conventional 
ones and higher than wheat straw, corn husk and 
hybrid composites, since these present results of 
0.046, 0.047 and 0.072 [W/mK] respectively, while 
expanded polystyrene varies between 0.036 and 
0.043 [W/mK] [5, 10, 11, 13, 16, 17]. 

 
Figure 2:  
Thermal conductivity measurement of samples. 

 
 
In both fibers, the best results for this property 

are generated at minimum densities, i.e. 60 [kg/m3] 
for Pelillo and 50 [kg/m3] for Lamilla, which can be 
seen in Figure 3. This behavior is inverse to what was 
shown in the work of Gnip I., et al., in 2012, since 
expanded polystyrene and other materials improve 
their thermal conductivity with increasing density. 
On the contrary, in algae fibers it occurs inversely 
due to the fact that, as the density of the samples 
increases, the internal air chambers of the material 
decrease, this being the fundamental quality of 
thermal insulating materials [4, 8, 21]. 

 
 
 
 
 

Figure 3:  
Thermal conductivity and density ratio. 

 
3.4 Thermal stability 

The thermogravimetric analysis of the Pelillo 
samples is shown in Figure 4, where it is observed 
that in the first 5 minutes of the test, around 100°C 
is reached and 19.78% of mass is lost, which 
corresponds to the moisture of the algae, while the 
greatest loss of mass is found between the 5th and 
14th minute at a temperature of 120 - 700°C with 
48.71% of its mass and is associated with volatile 
solids. Once cooling begins, under an oxygen 
environment it consumes a large part of the organic 
matter, identified as fixed carbon, and which 
corresponds to 10.17% of the sample. In the last 
heating stage, after approximately 24 minutes, ash is 
obtained in a percentage of 20.94% of the total 
sample. Accordingly, it is indicated that this algae has 
a thermal stability of around 120°C, therefore, the 
processing of the fiber for its production as a thermal 
insulating material should not exceed this value to 
avoid damaging the structure of the material. 
 
Figure 4:  
TGA samples from Pelillo. 

 
 

The thermogravimetric analysis of the Lamilla 
samples is shown in Figure 5, where it is observed 
that in the first 4 minutes of the test, around 100°C 
is reached and 7.74% of mass is lost, which 
corresponds to the moisture of the seaweed, then, 
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between the 6th and 14th minute at a temperature 
of 200 - 700°C there is a loss of mass of 30.02% and 
it is associated to volatile solids. Once cooling begins, 
under an oxygen environment, it consumes a large 
part of the organic matter, identified as fixed carbon, 
which corresponds to 16.66% of the sample. In the 
last heating stage, the greatest loss of mass is 
observed, which corresponds to ashes in a 
percentage of 43.17% of the total sample. 
Accordingly, it is indicated that this algae has a 
thermal stability around 200°C, therefore, the 
processing of the fiber for its production as a thermal 
insulating material should not exceed this value to 
avoid damaging the structure of the material. 

For both cases, it is indicated that the results are 
similar to those of other traditional fibers and 
insulating materials that have a thermal stability of 
around 150°C [3, 20]. 
 
Figure 5:  
TGA samples from Lamilla. 

 
 

3.4 Surface analysis (Morphology) 
The morphological analysis of the samples was 

carried out in 3 planes, transversal, longitudinal and 
superficial, Figure 6 shows the longitudinal section of 
Pelillo where cellular structures of porosity between 
400 and 500 microns can be observed, which is lower 
than the porosity of traditional insulation materials, 
which have a much more open porosity [22]. In 
addition, a high content of crystallized salts is 
observed and the leaders within the chemical 
composition are identified, where Carbon (C) leads 
with 49.1% of the total mass tested, followed by 
Oxygen (O) with 24.6%. 

 
 
 
 
 
 
 
 
 
 

 

Figure 6:  
SEM samples of Pelillo. 

 

On the other hand, Figure 7 shows the Lamilla 
analysis where a homogeneous surface with small 
pores between 50 and 100 microns is observed, 
however, neither longitudinal nor transversal cuts 
were performed, since it does not have a tubular 
morphology to which a direction and sense could be 
given. In addition, it is identified that within the 
chemical composition, Oxygen (O) leads with 35.6% 
of the total mass tested, followed by Carbon (C) with 
36.4%. 
 
Figure 7:  
SEM samples of Lamilla. 

 
 
4. CONCLUSION 

The characterization in fiber format of the algae 
provided the necessary information to demonstrate 
the feasibility of a thermal insulation prototype 
based on native algae, since they present thermal 
conductivities averaging 0.036 [W/mK], comparable 
to traditional materials commercialized in the 
Chilean market, such as expanded polystyrene, glass 
wool or mineral wool. 

In this work, both algae are highlighted, since 
they are abundant in the Chilean coasts, their value 
is low and the cultivation, drying and partial cleaning 
technique is mastered by the personnel that 
performs the labor on site, therefore, their 
acquisition would not generate a large investment. 

Finally, it is indicated that a process of 
defiberization of the algae could be interesting to 
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evaluate, since the algae present roughness and 
absence of pores, which would allow obtaining long 
fibers with low diameters, generating a 
homogeneous material similar to fiber wools, such as 
sheep's wool or glass wool. 
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Thermal improvement in social housing 
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ABSTRACT: Housing projects in Peru generally employ the same construction materials across the country. The 
energy deficit that is driven by the selection of these construction materials at a daily basis results in energy 
poverty and low thermal quality to the housing’s interiors. In this sense, this research showcases the potential of 
passive heating strategies through thermo energetic simulations. The city of Puno, located on the shores of Lake 
Titicaca, will serve as a case study for this research’s method. First, a representative housing typology was 
determined in a proposed area. Then, the current thermal behaviour was simulated. Finally, three intervention 
proposals of combined variables were simulated, with emphasis on thermal envelope enhancement and 
indigenous materials using the Design-Builder tool version 6.1.0. The ASHRAE 55-2017 standard was used to 
evaluate the comfort level at 80% acceptability. As a result, when compared with the current state at 0.0% of 
percentage of hours occupied in comfort (POC), the three intervention proposals show reasonable rates, 
highlighting the combination with sheep's wool and Ichu, which shows 100% comfort; and Totora, with 87.5% 
comfort. Strategies to improve the thermal enclosure can be potentially introduced in the rehabilitation of existing 
homes and the design of new buildings. 
KEYWORDS: Thermal comfort, Social housing, Passive solar heating, indigenous materials. 

 
1. INTRODUCTION 

The Mesoandean is one of the various high-altitude 
zones in Peru, since it ranges from 3,500 to 4,000 meters 
above sea level. Moreover, it can be classified as a 
bioclimatic zone with a cold and dry climate, especially 
in the months of June and July [1,2]. In Peru, housing 
projects usually employ the same construction materials 
across all regions, resulting in housing that does not suit 
climate-related needs. As a result, daily energy 
deficiency leads to energy poverty and poor thermal 
quality indoors. The health of the residents is heavily 
influenced by the quality of housing and the minimum 
circumstances that allow for well-being within, 
particularly in surroundings of long-term permanence 
(LTP). The usage of construction materials that 
contribute to an optimal temperature fluctuation could 
help improve current energetic conditions in housing. 
Solar energy can partially contribute to the energetic 
conditions by providing around 706 W/m2; and the use 
of indigenous materials for thermic insulation are also 
potentially attractive for housing in the context of the 
study area. Furthermore, the appropriation, adaptation 
and appreciation of ancestral techniques can help 
identify the occupants with their environment. In this 
context, the selected housing typology for this study is a 
two-story house with a backyard, predominantly 

constructed with brick material and without thermal 
insulation. The worst-case climatic scenario, a house 
with a South-North orientation, was analysed for this 
study. 

 
2. METODOLOGY 

The proposed methodology aims to adapt the 
inclusion of passive heating strategies in existing social 
housing. This research focuses in the city of Puno, 
located at the edge of the Titicaca Lake (Fig. 1). 

 
Figure 1: 
The city with the most extensive social housing and closer to 
the area on the shore of Titicaca Lake 

 
A buffer of 1 km and 2 km from the coastline was 

defined (Fig. 1). Within the 1 km strip there are fifteen 

 

towns, and in the 2 km strip, there are three towns. 
These towns correspond to the altitude level of the 
Mesoandean zone, of which the largest and most 
populous of them is the City of Puno. A sector with 
existing social housing was located in this strip. A 
representative typology was then determined in the 
proposed area. For that, it was necessary to separate the 
houses by levels and determine the predominant 
materials. The dwellings range from one to five stories, 
with a two-story dwelling predominating with 31% of the 
total (Fig. 2). 

 
Figure 2: 
Proposed cutout building height 

 
 
The predominant material in walls is ceramic brick 

75%, in the case of ceilings the concrete slab is observed 
in 80% of the total, the floors are 100% concrete slab, 
the doors are sheet metal in 67% of the cases, and simple 
glass windows conform 54.0% of all houses. This 
typology tends to extend horizontally and vertically since 
its introduction in the zone, with a maximum height of 
five floors and a proclivity to occupy the entire lot (Fig. 
3). 

 
Figure 3: 
Proposed typology for modelling 

 
Then, the representative housing typology was 

defined. This typology is composed of a two-level 
dwelling with a backyard, the total area is 90 m2, facing 

South, and neighbouring houses with greater height, 
which is least favourable context. In ground floor plan, 
the LTP living-dining room considered for the study is 
observed (Fig. 4). 

 
Figure 4: 
Plan and section of social housing 

 
 

2.1 Simulations in their current state 
The current thermal behaviour of the housing 

typology was then simulated, considering the climatic 
characterization and including the construction and 
urban aspects determined in the previous stage, using 
the Design-Builder version 6.1.0 tool. This tool uses the 
calculation engine of the EnergyPlus program (version 
8.9). In the analysis, the data of the operating 
temperature (OT) and the external air temperature (ET) 
were used. For the typical day of the coldest winter 
month (July), 744 total hours were averaged. An outside 
temperature of 1.22 °C, upper limit of 21.70 °C, a 
comfort zone of 18.20 °C and a lower limit of 14.70 °C 
were considered. For the annual range, the average ET 
of the previous seven days was taken for each day of the 
year at 8,760 hours. Once the maximum and minimum 
acceptable temperatures for 80% of environmental 
acceptability of the users were determined, the 
percentage of hours spent in comfort (POC), maximum 
limit (hot), and minimum limit (cold) were computed. An 
outside temperature of 5.80 °C, upper limit of 23.10 °C, 
a comfort zone of 19.60 °C and a lower limit of 16.10 °C 
was considered. 

The current state was replicated in the software 
using these characteristics. The solar diagram in 3D and 
its neighbors are shown in (Fig. 5). 
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Figure 5: 
Solar diagram in 3D 

 
 
The simulation parameters were provided in a 

hierarchical manner, delimited by exteriors (neighbors) 
and interiors (thermal zone) with the features of the 
envelope enclosures. Thermal properties for the outside 
walls, roof, and floor composition were included (Table 
1). 

 
Table 1: 
Thermal properties 

 
The house has an occupancy of five people between 

the ages of 18 and 60 years, an activity factor of 1.0 MET 
and 1.0 Clo. The home appliances are associated with 
domestic use with the absence of air conditioning 
equipment. 

All the thermal zones for this typology were modelled 
and simulated, however, only that coincide with the long 
term permanence (LTP) permanence was considered. 
The studied LTP is the living-dining room, located on the 
first level of the dwelling. The hours of occupation are 
from 7:00 hrs to 24:00 hrs considering 5 days a week. The 
following characteristics are considered: the room 
lighting is 6 W/m2, infiltration of 1.00 AC/h with a Crack 
template classified as "very poor". Exterior metal and 
interior wooden doors. Simple glazing of 4 mm with solar 
transmission SHGC=0.847, light transmission=0.816, 
U=5.871 W/m²k with aluminium carpentry, with a 
percentage of an open area of 10%, both for interior and 
exterior windows.  

The following is observed from this configuration: 
• The annual POC of 3.5% comfort, the 
percentage of hours of discomfort due to cold is 
predominant at 96.5%. The average ambient 
temperature is 11.4 °C. 
• The POC for the typical day is 0.0% comfort 
and 100% cold discomfort hours. The average 
ambient temperature is 8.2 °C. 

In both cases there is no heat discomfort. It is 
observed in the figures are below the comfort limits in 
the current state (Table 2). 

 
Table 2: 
Percentage of comfort and OT in the current state 

% 
Cold 

discomfort 

% 
Comfort 

% 
heat 

discomfort 

OT 

   Max Min Mean 
Annual results living-dining room    

96.5 3.5 0.0 13.6 8.0 11.4 
Typical day results living dining room   

100.0 0.0 0.0 11.5 4.8 8.2 
 

In the LTP, the need to improve the thermal envelope 
is evident. Heat loss is primarily through the walls, 
external air and floor. 

 
2.2 Improvement proposal 

Three intervention approaches were simulated in 
this section, each consisting of groups of combined 
variables and emphasizing the usage of indigenous 
materials. The environment cannot be changed because 
these are semi-detached residences with near 
neighbors. As a result, interventions that do not require 
the modification of the interior distribution while 
seeking to maintain its functionality must be proposed 
(Fig. 6).  

Adaptive comfort and the ASHRAE 55-2017 standard 
for naturally conditioned spaces controlled by the 
occupant were used for the evaluation [3]. Active 
heating systems are not considered into account. 

Thickness in 
mm 

Conduct
ivity 

Densit
y 

Specific 
heat 

U value 

λ 
w/m.K 

ρ 
(kg/m3) 

C 
(J/kg.K) 

U 
(W/m²k) 

Wall of 150 mm 
Internal 
plaster: 12.5 

0.72 1.860 1.200 2.22 

Brick: 125 0.47 1.045 800 
External 
plaster 12.5 

0.72 1.860 1.200 

Ceiling (Mezzanine): Total thickness 250 mm 
Subfloor 50 1.15 2.000 1.000 1.72 
Concrete slab 
50mm 

1.15 2.000 1.000 

Hollow ceiling 
brick 120 mm 

0.44 720 800 

Gypsum 
plaster 30 mm 

0.35 900 870 

Floor: Total thickness 150 mm 
Concrete: 100 
mm 

1.75 2.200 1.000 3.81 

Underlayment 
50 mm 

1.15 2.000 1.000 

 

 
Figure 6:  
Front and back elevation for the improvement proposal 

Front Elevation Back elevation 

  
 
For wall insulation, it is proposed to add three 

compositions using indigenous materials with low 
thermal conductivity, such as: sheep wool [4], Ichu [5] 
and Totora [6]. The floor and mezzanine adaptations are 
isolated with conventional materials (Table 3). 

 
Table 3:  
Proposed indigenous materials 

   
Sheep wool: 

0,040  
w/m.K  

Ichu: 
0.0473-0.1130 

w/m.K  

Totora:  
0.049-0.0540 

w/m.K  
 

2.3 Design Strategies Employed 
The proposed strategies are with what was 

suggested by the authors [7,8] such as; using the 
improvement strategies of the thermal envelope. 
Thermal insulation was considered using insulated 
sandwich-type shutters; plywood, sheep's wool and 
plywood, with opening hours between 8:00 hrs and 
18:00 hrs. The composition in walls is towards the 
interior, with a total thickness of 270 mm (Fig. 7). 

 
Figure 7: 
Composition in walls with interior insulation 

 
 

The use of solar heating (SH) by windows and 
skylights in favor and a semi-direct wall system, using an 
inertial wall in second floor bedrooms facing North is 

part of the accounted strategies, taking advantage of the 
backyard of the house as a heat storage element. 
Furthermore, the increase in hermeticity in frames to 
avoid infiltrations with an "excellent" crack template 
assures that the researched typology does not show 
cracks and perform better.  

Because the materials are locally available, the 
practicality of the suggested solutions with native 
materials is achievable. In the case of sheep wool, the 
Puno region is Peru's leading producer. It is necessary to 
employ 1.1 kg per m2, which necessitates prior 
processing, which includes washing the wool, saturation 
with boron salts, carding, and dry felting, resulting in a 
blanket or roll of sheep's wool [9]. In the instance of Ichu, 
a wild straw found throughout the American Andean 
South plateau, straw bales were utilized for the first time 
to build dwellings by Nebraska settlers at the end of the 
nineteenth century [10,11]. Due of its proximity to Lake 
Titicaca, the Totora can be collected and purchased 
locally, potentially creating jobs for inhabitants who 
extract the Totora blankets, also known as "Kesanas". 
The Titicaca National Reserve has 16,000 ha of reeds of 
which 30% is used as cattle feed, 15% is used as 
handicrafts and tourism, 40% contributes to natural 
regeneration, and 15% which is equivalent to 120,000 
tons of reeds not used. In 2016, 5,000 ha were burned, 
equivalent to 1 125,000 Kesanas [12]. 

Integration to current construction practices is 
possible because sheep wool, Ichu and Totora panels can 
be placed on a support structure in wood or metal to 
contain the insulating material attached to the interior. 

 
3. RESULT AND DISCUSSION 

The variables shown were selected as the ones that 
could be better assimilated by the local inhabitants. 
From the standpoint of the thermal envelope and solar 
heating (SH) improvement strategy, and after analysing 
them individually by isolated variables, it was feasible to 
determine which ones may increase the ambient 
temperature to a higher or smaller extent. As a result, 
for the analysed LTP, the use of isolated shutters (A), 
management of infiltrations (B) and wall insulation (I, II 
and III) were more important than the other variables (C, 
D, E, F, G and H) since which presented a greater increase 
in OT, because it made it possible to reduce heat fluxes 
and keep the heat inside. The variables analysed showed 
an increase in OT both for the typical winter day and 
annually and others made no difference individually 
(Table 4). 

Although increases in OT have been observed, in all 
cases they are still below the comfort range considered 
for the area studied. Based on these results, the need to 
proposed combinations alternating the variables on the 
wall with the others. 
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Table 4: 
Isolated variables and increase in OT 

Va Thermal envelope + SH Typical day Annually 
I Sheep wool walls U=0.50 

W/m²k 
2.23 °C 2.11 °C 

II Ichu walls 0.72 W/m²k 1.76 °C 1.68 °C 
III Totora walls 0.95 W/m²k 1.35 °C 1.29 °C 
A Insulated shutters 50 mm, 

U=0.64 W/m²k 
3.25 °C 2.84 °C 

B Infiltrations change to 
0.20 AC/h 

3.42 °C 2.45 °C 

C Vertical circulation double 
ceiling (4 mm glass+20 
mm air+4 mm glass) 
U=2,74 W/m²k 

0.01 0.00 

D 1st level floor (EPS + 
ceramic) U=1.71 W/m²k 

0.34 0.19 

E Insulated mezzanine 88 
mm, 0.61 W/m²k 

-0.18 -0.17 

F 28 mm double glass 
windows, U=2.74 W/m²k 

-0.05 -0.03 

G Insulated doors U=0.64 
W/m²k 

0.04 0.08 

H Inertia wall with 100 mm 
air chamber 

-0.19 -0.05 

 
The current state shows a 0.0% percentage of hours 

occupied in comfort (POC) for the typical winter day and 
3.5% annually, for the three proposed combinations it 
shows good percentages, highlighting the combination 
with sheep wool and Ichu that presents 100% of comfort 
for the typical day and 97.5% annually (Table 5). 

 
Table 5: 
POC for typical winter day and annual 

 
 

The constructive solution in its current state has 
limitations to provide thermal comfort to the house, 
especially in the early morning and at night. The 
improvement of the thermal envelope has enabled 

constant internal temperatures, decreased heat loss 
when used on the exterior walls of the typology 
operating in both the warmer and colder months. 

The combined intervention proposals are then 
compared to the current state of the house, which 
alternates the material in the walls with sheep wool, 
Ichu, and Totora and includes the variables A to H. It 
should be emphasized that these isolations did diminish 
the area of the internal LTP. This arrangement was 
chosen to avoid material deterioration owing to its 
organic origin, as well as contact with external agents 
such as rain, insects, etc. 

The results indicate that the three interventions, on 
average for the typical day, increase by 9.5 °C from the 
current state of 8.2 °C, reaching 17.7 °C (Table 6). 
Moreover, annually increase by 7.5 °C, concerning the 
current state of 11.4 °C, reaching 18.9 °C (Table 7). 

 
Table 6: 
Operative temperature and comfort zone for the typical winter 
day 

 
 

Table 7: 
Operative temperature and annual comfort zone 

 
 
The reduction in infiltrations from 1.00 to 0.20 AC/h 

determined by the hermetic characteristics of the 
envelope aided in closing the energy conservation cycle. 
It is understood that the value utilized is difficult to attain 
in the case of social housing, but the importance of 

 

ensuring that these buildings are as hermetic as possible 
is evident, clearly indicating the path to be used to obtain 
better thermal performance. 

The management of the SH by an inertia wall proved 
to be ineffective for this environment due to its location 
in the upper floor and the solar interference of the 
adjacent neighbours, as well as the area’s vertical solar 
incidence. It should be noted that the North-facing 
backyard provided better thermal performance, so its 
configuration would be the most appropriate. It is 
necessary to give it due importance in order to maintain 
its permanence on the lot and facilitate solar entry, 
despite the vertical growth of the adjoining neighbours. 

It was possible to achieve an OT within the 
established comfort range by combining several 
interventions. This emphasizes the significance of 
implementing the improvement strategies of the 
thermal envelope strategies in direct relation to the 
thermal performance of dwellings in the Meso-Andean 
zone, which may be used both in the retrofitting of 
existing dwellings and in the design of new buildings. 

 
4. CONCLUSION 

This article examines an LTP of a representative 
typology of social housing in the Mesoandean zone in its 
current state and how it could be improved using 
combined intervention approaches. This comprises of 
variable groupings that feature a set of three 
autochthonous materials used in instances of local 
vernacular architecture since ancient times. Because of 
their availability in the study area, they are regarded 
good thermal insulators with socio-cultural and 
environmental benefits.  

The increase in thermal insulation properties was 
effective by using natural fibers, the applications in this 
study were convenient since they are resistive materials 
with thermal conductivities lower than 0.06 W/m.k. 
Totora and Ichu are low-energy recyclables because they 
can be reused for soil fertilization if damaged during 
their life cycle. 

The local dwellings depend greatly of the solar gains 
through the glazing, which influence positively the 
thermal behaviour of the environment in order to 
increase the internal comfort. The suggestions seek to 
bring alternatives that may be appropriate for social 
housing in the same region while also providing a better 
responsiveness to climatic conditions. The results are 
favourable, especially when the improvement of the 
thermal envelope, the use of isolated shutters, and the 
infiltration management are considered.  

The Peruvian regulations must accommodate a wider 
range of materials with construction potential. In cold 
climates such as Puno, the introduction of passive 
strategies and the use of alternative construction 

systems for thermal improvements in social housing 
should be researched further in the Mesoandean zone, 
where they can be introduced both in the rehabilitation 
of existing homes and in the design of new buildings. 
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ABSTRACT: The current climate crisis has highlighted the importance of buildings design that can reduce energy 
consumption for heating and cooling. In this regard, the courtyard is an architectural element that can create a 
microclimate and thus influence the thermal performance of its immediate spaces.  The aim of this study is to 
analyze the integral thermal performance of a representative courtyard house in a warm humid region. This is 
proposed to have a better understanding of its thermal capabilities in this climate, as well as to developed 
conclusions that could guide to further improvement and reinterpretation of this building type. Through field 
measurements, temperatures of different spaces inside the house were registered along different seasons. The 
findings showed that this building type allows a wide range of thermal conditions that vary depending on the 
time and orientation. Nevertheless, it was observed that the courtyard does not contribute to a better thermal 
performance of the house during the day, since it allowed higher exposure to solar radiation and consequently 
raised the temperature of the corridors. On the other hand, the possibility for cooling through natural ventilation 
in the enclosed rooms was identified and different ventilation strategies were compared. 
KEYWORDS: Courtyard houses, thermal performance, warm humid climate, passive cooling.   
 
 

1. INTRODUCTION  
The increasing environmental concerns and the 

scarcity of fossil fuels have demand attention on 
buildings designs that can reduce energy 
consumption for heating, cooling, and ventilating. In 
this regard, the courtyard is an architectural 
element that can create a microclimate and 
influence the thermal performance of its immediate 
spaces inside the building, and thus lead to less 
annual energy demand [1].  

The performance of courtyard varies from one 
climate to another and depends on the 
configuration of its design variables such as form, 
height, proportions, and glazing [2-4]. Regarding 
this, some results have demonstrated courtyards 
are more energy efficient in hot-dry and hot-humid 
climates than in temperate and cold climates [3]. 
 
1.2 Courtyards in warm humid climates 

Courtyard buildings have a higher surface to 
volume ratio in comparison to other building types. 
This indicates that the building is more exposed to 
the outdoors environment, and has higher 
possibilities for natural ventilation, solar radiation, 
day lighting, heat gains and heat losses [5]. In a 
warm humid climate, enhancing continuous and 
efficient ventilation is a desirable strategy for 
promoting thermal comfort. Nevertheless, higher 
exposure to solar radiation should be avoid as well 

as the increase of indoor temperatures during the 
day [6]. 

Regarding the suitability of courtyard houses in 
this climate, Rapoport suggested that the 
appearance of courtyards in hot humid climates it’s 
an anticlimactic solution [7] and other researchers 
coincide that this building type is not appropriate 
because of the narrow daytime temperature 
variation [5]. Furthermore, the findings of Doctor-
Pingel et al. 2019 showed that this strategy led to 
elevated indoor temperatures in a warm humid 
region, as in the summer months, temperatures in 
this space get higher due to direct solar radiation on 
the exposed courtyard floor [8]. 

Despite courtyard houses have not been 
commonly related to warm humid climates, they 
have also been part of the constructive tradition in 
these regions. Therefore, some authors have 
explored its thermal performance and passive 
cooling possibilities related to different design 
parameters. For instance, courtyard´s height plays a 
significant role in enhancing thermal comfort, as it 
determines the solar exposure this space receives 
[9] and consequently, the daily maximum air 
temperature [10]. As height increases, better 
thermal performances are obtained because of 
increment in shaded areas that lower duration of 
excessive solar radiation [2, 11-12]. On the other 
hand, when natural ventilation is considered, 

 

Tablada pointed out that cavity ratios 
(Width/Height) of 1.0 and 0.7 can promote better 
ventilation because of the geometry that causes the 
development of a strong vortex and high velocity 
magnitudes [13]. 

Another proportion that influences the exposure 
to solar radiation is the relation between courtyards 
width and length. According to some researchers, 
the least solar radiation gains and irradiation were 
observed in squared courtyards compared with 
rectangular ones [4,12]. This also decreases the 
amount of energy required for cooling during 
summer periods [4]. In addition, the orientation can 
also influence the heat gains of the buildings, 
especially in rectangular plan courtyards. Better 
performances were observed when orienting the 
long axis of the courtyard along northeast– 
southwest [2, 12] and east-west [14]. 

The findings from Kubota et al. showed that 
courtyards perform different according to its type. 
For instance, the courtyard types where air flow 
was almost absent during the day (<0.2 m/s), the air 
temperatures in the courtyard and the immediate 
spaces maintained relatively low values compared 
to outdoor temperature. Contrary to this, the types 
with higher indoor wind speeds also had air 
temperature increases [10]. This highlights the 
importance between ventilation and thermal 
performance of this building form. Related to this, 
Toe & Kubota identified two cooling strategies of 
the courtyards. The first one is to improve radiative 
and ventilative cooling during the night, and the 
other, to reduce cross ventilation and avoid vertical 
airflows between indoors and outdoors during day 
[15]. 

Through this review of literature, it was possible 
to have a better understanding of how courtyard 
dwellings generally respond to a hot humid climate, 
as well as how certain design parameters influence 
its thermal performance. It was identified that solar 
radiation should be diminish and natural ventilation 
should be enhanced only in certain moments of the 
day, so that this building form could have a better 
thermal performance. In addition, previous studies 
also provided a background to support the current 
study and to carry out the assessment of results. 

 
2.BACKGROUND 

The study area is in Colima, located in western 
México at 19° 14 N, 103° 43 W and 484 m above 
sea level. According to Köppen’s classification, it is 
an equatorial savannah climate with dry winter 
(Aw) [16]. The average annual temperature is 25.5 
°C with 14°C thermal swings and annual rainfall of 
970mm. 

The morphological and typological 
characteristics that determine the traditional 

courtyard houses of Colima were identified through 
a review of the historical evolution and field 
sampling. The houses dated from the XlX and XVlll 
centuries, and its origins were greatly influenced by 
Spanish culture. They are characterized mostly by 
one storey, with a rectangular or square central 
courtyard surrounded by corridors and enclosed 
rooms in the periphery. The length of the 
courtyards varied from 4.5 m to 22.6 m and the 
width from 1.7 m to 26.6 m. In accordance with the 
urban layout, the possible facades orientations are 
northwest, northeast, southwest, or southeast. 

Regarding building materials, walls were made 
of adobe or brick with thicknesses ranging from 0.4 
m to 1.1 m, depending on the material and the 
construction period. At first, sloping roofs 
predominated, but later the use of flat roofs 
increased. The main roofing materials consist of 
wood and clay tiles, but in subsequent interventions 
even concrete has been used. 
 
3. METHOD 

The present work is part of an ongoing 
systematic research to study the thermal 
performance of traditional courtyard houses, so 
that it could guide to further improvement and 
reinterpretation of this building type.  The aim of 
this work is to analyze the integral thermal 
performance of a representative courtyard house 
through field measurements in a warm humid 
region. Additionally, computer simulations were 
carried out to compare different ventilation 
strategies and their effect in operative 
temperatures inside the rooms. 

From the field sampling, a representative 
courtyard house in Colima was selected for field 
measurements. The one storey house dates from 
the XlX century. It has a squared plan courtyard 
placed in the centre of the building with an area of 
110.25 m2 and height of 4.5 m. The courtyard is 
surrounded by corridors on each of its sides and 
enclosed rooms are immediate to them. The 
building materials consists of brick walls and 
reinforced concrete flat roofs over wooden beams 
and clay tiles. The courtyard floor is covered with 
stone and the indoor floors with clay tiles. As it is 
naturally ventilated, no heating or cooling systems 
affected the measurements. 

The monitoring periods were determined by 
three main seasons defined as mild semi-humid 
(December to March), warm semi-humid (April to 
May) and warm humid (June to November). The 
house was monitored hourly for 7 days each 
season. Dry bulb temperatures were recorded using 
Onset Hobo dattaloggers with an accuracy of 
±0.35°C. The equipment was placed at 1.1 m height 
in the courtyard, corridors, and rooms in each one 
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of the orientations (see Fig. 1). The windows of the 
rooms remained closed during the measurements. 
Outdoors environmental variables such as solar 
radiation, air temperature, relative humidity, wind 
speed, and wind direction were also measured to 
develop the weather file for the simulation. 
 
Figure 1:  
Left: courtyard house section and plan with the 
measurement points. Right: photography of the house 
taken from one of the corridors.  
 

 
The computer simulation was conducted using 

DesignBuilder, which is a graphical interface for 
EnergyPlus. To validate the accuracy of the model, 
sets of hourly simulated and measured air 
temperature data were compared for different 
spaces. The differences in mean temperatures were 
not greater than 1ºC, the coefficients of 
determination (R2) were higher than .94 and the 
RMSE values were lower than 1.31 for all the 
spaces. Based on this evaluation, it was determined 
that the model was accurate. 
 
4. RESULTS AND DISCUSSION 

The assessment of data obtained in the field 
measurements is mainly concerned in comparing 
the differences between the temperatures of the 
spaces in each season. The comparison is based on 
observing the differences between average thermal 
swings and maximum temperatures of the spaces. 
In addition, an analysis of the representative days in 
each season was conducted to have a better 
understanding of the thermal performance.  

The results showed similar thermal swings in the 
courtyard and outdoors, but the courtyard 
maximum and minimum temperatures remained 
slightly higher. In the corridors, thermal swings and 
maximum temperatures vary depending on the 
season and the orientations. Among the indoor 
spaces, the rooms registered the lower maximum 
temperatures with thermal swings smaller than 1.6 
ºC. Regarding the orientations, the southwest 
corridor and rooms had the lower maximum 
temperatures in most of the seasons.  

When comparing the results obtained in 
different seasons, the higher maximum 
temperatures were observed in May, during the 
warm semi-humid season. In the monitored period, 
the average maximum temperatures of the 
courtyard and outdoors reached 37.9ºC and 36.2ºC, 
respectively. Conversely, lower maximum 
temperatures were registered in February. In this 
period, the thermal swings of the courtyard and 
outdoors were 14.2ºC on average (refer to table 1).  
 
Table 1: Average maximum temperatures in the different 

measurement points of each season. 

Maximum Temperatures (ºC) 

 Mild semi-humid Warm semi-humid 
Warm 
humid 

  February May October 

Outdoors (T0) 32.0 36.2 34.2 
Courtyard (T1) 33.1 37.9 34.7 

Corridor SE (T2) 30.3 39.3 33 
Corridor SW (T3) 29.3 35 32.4 
Corridor NW (T4) 37.1 34.4 40.1 
Corridor NE (T5) 37.1 35.1 37.5 

Room SE (T6) 26.1 30.2 30.2 
Room SW (T7) 25.8 30.3 29.6 
Room NW (T8) 26.4 32.8 31.1 
Room NE (T9) 27.2 31.4 31.5 

 
In the corridors, the maximum temperatures 

vary according to each season. For instance, in the 
mild semi-humid (February) and warm humid 
(October) seasons, corridors oriented north 
presented higher maximum temperatures and 
thermal swings while the ones oriented south 
presented lower maximum temperatures than 
outdoors. This can be explained since in February 
and October the sun path is similar. During this 
season, the sun rises from the southeast and sets in 
the southwest. Therefore, solar radiation affects the 
temperature of the northwest corridor during the 
morning, and of the northeast corridor in the 
afternoon. On the other hand, in warm semi-humid 
season, the higher temperatures were measured on 
the southeast corridor. Given that the sun path in 
May promotes a higher exposure to solar radiation 
in this orientation, especially during the afternoon. 

As in the outdoor temperatures, the rooms had 
lower maximum temperatures in February 
compared to the other seasons. In May and 
October, the temperatures inside the rooms had 
similar maximum temperatures, but higher thermal 
swings in May. 
 
4.1 Thermal performance of corridors and 
courtyard in a representative day 
 

For a more detailed analysis about the influence 
of the courtyard in the corridors, a representative 
day for each season was selected. For this, the two 

 

parameters considered were the average outdoors 
temperature and the thermal swings, the latter to 
include the relative humidity variable. The 
representative day consisted of the one in which its 
temperature and thermal swings performed more 
similarly to the ones of each season.  

In the warm humid season, the courtyards 
openings cause that the north corridors received 
direct solar radiation. This contributed to an 
increase of 3.8ºC in maximum temperatures of the 
northwest, that was registered 3 hours in advance, 
compared to outdoors. During the afternoon, the 
maximum temperature in the northeast was 
recorded with an increase of 4.9ºC and a thermal 
delay of two hours. Meanwhile, the south corridors 
had lower temperatures than the courtyard and 
outdoors with a thermal delay of two hours. 
Outdoors and on the courtyard, both maximum 
temperatures were reached at the same time 
(figure 2). 

 
Figure 2: 
Dry bulb temperatures of the courtyard and corridors in a 
24-hour thermal cycle. Warm humid season. (October 
23rd, 2020).  

 
 

In the representative day of the mild humid 
season, the corridors oriented north were also 
exposed to solar radiation. The northwest showed 
an increase of 3.8ºC in the morning, four hours 
before the maximum temperature of the exterior. 
In the northeast the increase was of 5.8ºC without a 
thermal delay. The maximum temperatures in the 
south corridors were registered with a delay of one 
hour (figure 3).  

On the contrary, measurements from the warm 
semi humid period indicated higher temperatures 
(3.8 ºC) in the southeast corridor than outside. This 
was observed with a thermal delay of two hours. In 
this season, there was no thermal delay between 
the other corridors and outside (figure 4). 
 
Figure 3:  

Dry bulb temperatures of the courtyard and corridors in a 
24-hour thermal cycle. Mild semi humid season (February 
21st, 2021).  

 
 
Figure 4: 
Dry bulb temperatures of the courtyard and corridors in a 
24-hour thermal cycle. Warm semi humid season (May 
29, 2021).  
 

 
 
4.2 Detailed analysis of a critical period 

Among all the monitoring periods, the warm 
semi humid season turned out to be the most 
critical since it experienced the highest outdoor 
temperatures. Figure 5 shows the 24-hour thermal 
cycle of different spaces in a representative day of 
the season. The temperature in the rooms and 
corridors correspond to the average of all the 
orientations. In addition, the thermal comfort zone 
for the 80% of acceptability was calculated 
according to international standard ASHRAE 55-
2017 [17].  

In this season during the day, approximately 
from 10 hrs. to 21 hrs., the courtyard contributes 
considerably to the increase in heat gains of the 
building. This can be seen in the temperatures of 
the corridors, especially during the afternoon. In 
this interval of hours, it is not desirable for the 
rooms to be ventilated since this can contribute to 
an increase in their temperatures. After 21 hrs. until 
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the early hours of the morning, the courtyard 
allowed a decrease in the corridors temperatures as 
well as in the rooms, because it enhance a higher 
exposure to outdoors conditions. As the rooms had 
closed windows, the difference in minimum 
temperatures with the courtyard were 
approximately of 7ºC. This difference suggests the 
possibility that the inhabitants could open the 
windows to promote passive cooling of these 
spaces during this time lapse. 

Furthermore, if the thermal comfort limits for 
the 80% acceptancy are taken as a reference, during 
most part of the day (from 11 hrs. to 21 hrs.) the 
corridor and the courtyard temperatures exceed 
the upper limit of comfort. In warm humid regions, 
with air velocities between 1.5 y 2.0 m/s, the 
thermal comfort limits could only be extended if 
outdoor temperature does not exceed 32ºC [18]. In 
this season, outdoor temperatures were higher 
than 32ºC from 12 hrs. to 19 hrs, this prevents the 
possibility of promoting thermal comfort as well as 
increasing heat gains in the building. 

 
Figure 5:  
Dry bulb temperatures of different spaces in the courtyard 
house in a 24-hour thermal cycle of the critical season. 
Thermal comfort limits were set as a reference. 
 

 
 
Note: Thermal comfort boundaries were calculated 
according to international standard ASHRAE 55-2017 [17]. 
This is an adaptative model developed for naturally 
conditioned spaces that relates the temperature ranges, 
for the 80% of acceptability, to outdoor climatic 
conditions.  
4.3 Ventilation strategies in a critical week 

When comparing the thermal performance of 
the spaces inside the house, great differences 
between the maximum and minimum temperatures 
of the corridors and the enclosed rooms were 
observed. The temperature of the rooms had lower 

thermal swings due to its enclosure, the thermal 
properties of its envelope and the limited windows 
that remained closed during the field 
measurements. This configuration prevented 
temperatures from rising during the afternoon but 
limited the potential benefits of a night-time 
ventilation strategy.  

To explore the possibility for cooling during the 
night and early morning, three different ventilation 
strategies were proposed varying the opening of 
the windows. The first consisted of keeping the 
windows closed, the second considered an opening 
of 100% during all day, and the third modified the 
opening from 0% during the afternoon to 100% 
during night and early morning (0:00 to 12:00 hrs). 
These ventilation strategies were compared 
through computer simulation using DesignBuilder 
software. Results of operative temperatures were 
obtained for a representative week of the warm 
semi humid season, that was considered as the 
most critical period from the field measurements. 
Furthermore, the percentage of discomfortable 
hours was calculated using operative temperatures 
of the spaces inside the house. For this, the 
operative temperatures of each type of space in 
different orientations were averaged.  
 
Figure 6: 
Percentage of discomfortable hours during a 
representative week of the critical season (Warm semi 
humid) in the corridors and rooms with different 
ventilation strategies. 
 

 
 
Note: The percentage of discomfortable refers to the 
number of hours that the temperature is outside the 
thermal comfort boundaries during a week (168 hr). 
Thermal comfort boundaries were calculated according to 
international standard ASHRAE 55-2017 [17]. 
 

The maximum percentage of discomfortable 
hours (54%) was registered when the rooms 
windows had an opening of 0%. The discomfort 
percentage for the corridors, the rooms with 
windows 100% opened and the rooms with 
night/early morning ventilation were 43%, 40% and 
36%, respectively (see Fig.6). The latter ventilation 

 

strategy prevents the increase of maximum 
temperatures in the rooms and enhance lower 
temperatures by 1.9ºC, compared to when the 
windows where closed. 
 
5. CONCLUSION 

From the results obtained through this research, 
it can be determined that this case study traditional 
courtyard does not contribute to enhance passive 
cooling inside the house during the day. On the 
contrary, this courtyard configuration allowed 
higher exposure to solar radiation and consequently 
raised the temperature of the corridors, especially 
during the afternoon. In some cases, the difference 
between a corridor exposed to direct solar radiation 
and those that were not, almost reached 10ºC. 
Meanwhile, during the night, no significant 
temperature drops were observed. However, the 
possibility for cooling through natural ventilation in 
the enclosed rooms was identified. The best 
ventilation strategy to promote lower percentage of 
discomfortable hours was to open the windows 
(100%) during the night and early morning. This 
diminishes the percentage of discomfortable hours 
in a week by 18%, compared to when the windows 
remained closed. 

The current study allowed a better 
understanding of the thermal performance of the 
spaces inside a courtyard house along different 
seasons. The findings showed that this building type 
allows a wide range of thermal conditions that vary 
depending on the time, space, and orientation. 
Nevertheless, further research may be need 
considering different courtyard designs so that it 
could protect better from solar radiation and 
increase shaded areas.  Likewise natural ventilation 
would need to be consider to enhance an adequate 
thermal performance in a warm humid climate. 
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ABSTRACT: The school space must be a pleasant environment that contributes to the teaching-learning process. 
For this, the hygrothermal comfort of students, teachers and staff must be a priority. As in the city, hygrothermal 
comfort in the school environment requires an understanding of the essential components of urban 
hygrothermal comfort, in view of the climatic reality of each region. This article aims to analyze the 
hygrothermal comfort conditions in a school environment, in a tropical climate, presenting as a case study the 
courtyards of a certified school, located in Rio de Janeiro, Brazil. The work also verifies the potential of shading 
elements for comfort in this climatic situation. The research, of an experimental nature, uses the post-occupancy 
evaluation resource to compare the results and mixed strategies used. As a result, it was observed that the free 
spaces intended for school life could be better used if hygrothermal comfort strategies such as cross ventilation 
and shading by vegetation were adopted. It is expected to contribute to the advancement of research in the area 
and discuss the main concerns that should be adopted in the schoolyard design, aiming at hygrothermal 
comfort. 
 

KEYWORDS: Energy, Comfort hygrothermal comfort. school architecture. Schoolyard. 
 

1. INTRODUCTION  
Climate change resulting from the urbanization 

process is reflected in the environmental quality of 
cities, harming the effective use of their spaces [1] and, 
in the school environment, this is no different. It is 
necessary that the school space is a pleasant 
environment, that contributes to the teaching-learning 
process [2]. Among so many precautions that must be 
taken in a school environment, concerns about the 
hygrothermal comfort of students, teachers and staff 
must be a priority. However, as in the city, 
hygrothermal comfort in the school environment 
requires an understanding of the essential components 
of urban hygrothermal comfort, in view of the climatic 
reality of each region. This work aims to analyze the 
conditions of hygrothermal comfort in a high school 
environment in a tropical climate, presenting as a case 
study the patios of a LEED certified school, level silver 
(58 points) [3], located in the city of Rio de Janeiro, 
Brazil. The work also verifies the potential of shading 
elements (built and afforestation) for comfort in this 
climate situation. 
 
2. METHODOLOGY 

The research, of an experimental nature, uses the 
post-occupational evaluation feature to compare the 
results and used mixed strategies. The procedures 
adopted for its development covered the following 

steps: bibliographic and field survey; measurements of 
climate variables; post-occupancy assessment; analysis 
of results; and conclusions. 

 
2.1 Measurements of climate variables 

The measurements served as support and 
complement to the understanding of the behavior of 
local climatic variables such as air temperature, relative 
humidity, direct solar radiation, prevailing wind speed 
and direction and surface temperature of the coating 
materials and were carried out with instruments of 
precision, figure 1. 

 
Figure 1:  Precision instruments used in research 

 
The instruments used for the measurement, numbered 
in figure 1, were respectively: (1) a thermo-hygrometer, 
which measures the temperature and relative humidity 
of the air; (2) a digital anemometer, which measures 
the wind speed and makes it possible to indicate, by 
means of a wool line, supported on it, its predominant 
direction; (3) a digital solar radiation sensor; (4) a laser 
thermometer, which allows measuring the temperature 

 

 

of surfaces; (5) a digital lux meter, which measures the 
amount of ambient light. 

The definition of the measurement points that make 
up the established route was determined, then, based 
on the criterion of use, aimed at leisure, and location, 
considering the distance between the points, so that 
the measurement points were defined and ordered 
according to figure 1. 

 
Figure 1:  Measuring points maps 

 
The measurements were carried out in the periods 

of solstices and equinoxes, which in Brazil correspond 
to January 14, March 22, July 9 and October 7, 2019, 
according to the College's schedule availability and 
environmental weather conditions. 

 
2.2 Post-Occupation Assessment 

To carry out the Post-Occupation Evaluation, it was 
necessary to submit the research to the Research Ethics 
Committee, then it was necessary to expose the 
research to the school community to attract interested 
parties to participate in its stages. Interested parties 
signed a consent form. After a few visits to the College, 
to gather a considerable sample of participants, the 
number of participating students who joined the survey 
was 28 students and 6 professors, o--ut of a total of 600 
users. From then onwards, the application of the Post-
Occupancy Assessment devices, applied on October 7, 
2019, was scheduled. Students aged between 15 and 18 
years old wore a short-sleeved shirt, jeans or shorts and 
sneakers, representing a clothing insulation in clo of 
0.5. To calculate the adaptive comfort index, the 
formula developed by Humphreys (LAMBERTS et. al., 
1997) is used to obtain the user's neutral temperature. 
Equation 1. 

,  
Equation 1 – Humphreys Neutral Temperature Equation 
 
Where: Tn = neutral temperature in °C and Tm = 

average air temperature in °C 
The thermal neutrality temperature was calculated 

for each patio, taking into account the values measured 
in the measurements on October 7, 2019. The average 
air temperature was calculated from the sum of the 

highest and lowest temperature measured on the day, 
and dividing this result by two, obtaining the result of 
the average air temperature and applying the result to 
Equation 1 

Five post-occupancy assessment devices were used: 
Walktrough Analysis, Behavioral Map, Visual Map, 
Questionnaires, Interviews and Finding Matrix 

The walkthrough analysis was carried out in a pre-
defined route in the external areas and internal 
courtyard of the College, with a group of students from 
the student union, combining observation and 
interviews, which were recorded using forms prepared 
and adapted to the research objective, filled out. along 
the way and complemented by audio recordings. 

The analysis of the results was carried out, at first, 
together with the participants in order to confirm the 
records; in a second moment, from the gathering of all 
the registration material, a results framework was 
formalized; in a third moment, the results were 
inserted, through the interweaving of data with the 
other POE tools, in the discoveries matrix. 

The application of the Behavioral Map was given by 
records, in a printed floor plan, where the interactions 
of students in the school yards during recess were 
recorded, using symbols and lines, flows, activities 
developed, user profiles, number of users and length of 
stay. 

The Visual Map was applied to students, in a 
classroom, using a floor plan of the College, with the 
patio areas highlighted. Students were grouped into 3 
to 4 participants per plant, and they agreed on their 
evaluations of the patios' hygrothermal comfort, 
marking their evaluations by gluing stickers with five 
thermal sensation options - very hot, hot, comfortable, 
cold and very cold. The analysis of the results started 
from the sum of data extracted from the visual map, 
generating the percentages related to each degree of 
comfort attributed to each environment and verifying 
the predominance of users' perception of that 
environment. 

Questionnaires were applied to students, who 
answered 3 questions related to hygrothermal comfort 
in the school yards. The analysis started from the sum 
of the extracted data, generating graphs with 
percentages related to the use, occupation, and level of 
comfort attributed to each environment. 

The interviews were applied to the teachers, and 
were presented in a semi-structured way, with the 
preparation of a script and a set of questions focusing 
on hygrothermal comfort in the school's courtyards. 
The analysis of the results was made through the 
interweaving of data with the other POE tools, and is 
presented in the Findings Matrix. 
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The discoveries matrix was generated from the 
union of the results of the POE devices applied in the 
research in order to synthesize and validate the results 
obtained in each yard. The matrix presents the College's 
floor plan with the patios highlighted, the points of 
greatest discomfort pointed out in the instrument 
measurements, photos, captions of each POE 
instrument, the most relevant reports of each patio, in 
order to present a summary of the results of the 
research. 

 
3. ANALYSIS OF RESULTS 

The measurements carried out at the five points of 
the school's courtyards, at the hours of 9, 12 and 3 pm, 
in the four seasons of the year, generated a rich 
amount of data. The analysis was made considering, at 
first, the measurements of the three times in each 

station, and in a second moment the analysis was made 
considering each time in the four stations.  

Summer measurements were made during a school 
vacation period, on January 14, 2019. Due to the 
interference of some objects with the measuring 
devices at the time of measurement, altering the 
results, the nine o'clock measurement was disregarded. 

Among the actions aired at 9 am, on March 22, July 
9 and October 7, 2019, the point that presented the 
highest temperatures was point 1, in patio A, which also 
had the lowest índices of relative air humidity. The 
points with the lowest temperatures, at 9:00 am, were 
point 5 (patio D - external patio, with fig tree), in 
autumn and spring, and point 3 (internal patio), in 
winter, which had the highest rates. relative humidity 
of the air, according to table 1. 

 

9h SUMMER FALL WINTER SPRING 
14/01/2019 22/03/2019 09/07/2019 07/10/2019 

COURTYARD POINTS AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

A 1   
  

Discarded data 
  
   

28,90 71,14 23,10 59,50 26,79 72,23 
2 28,58 73,40 21,82 62,18 26,10 74,18 

B 3 27,41 77,40 21,22 64,14 25,78 76,13 
C 4 26,98 75,90 21,54 62,75 26,65 73,74 
D 5 26,48 80,40 22,33 59,78 25,65 76,87 

Table 1. Summary of 9 o'clock air temperature and humidity measurements at 4 seasons 
 
Among the campaigns aired at 12:00, the points 

that were presented as the highest temperatures were 
point 4 (in courtyard C - central courtyard), in summer, 
winter and spring, which are close to the temperatures 
at temperatures lowered at point 4, in courtyard A, in 
summer and spring, with a difference of 0.02C. In 
autumn, the hottest point at 12:00 was point 2, in patio 

A. All points with the highest temperatures also had the 
lowest relative humidity levels. As for the point with the 
lowest temperatures, 12:00h was the most point at 
5:00 pm (patio D - external patio, in all measurements 
with, showing the highest relative humidity índices, 
according to table 2. 

 

12h SUMMER FALL WINTER SPRING 
14/01/2019 22/03/2019 09/07/2019 07/10/2019 

COURTYARD POINTS AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

A   1 36,74 47,21 27,76 72,87 26,18 48,50 29,85 62,92 
2 35,80 49,38 28,46 70,90 25,94 48,20 29,76 63,78 

B 3 35,32 50,20 26,59 77,10 25,70 49,20 29,79 65,11 
C 4 36,76 47,56 27,82 74,10 27,13 44,34 29,83 63,55 
D 5 34,65 51,74 26,20 78,77 25,12 47,31 29,40 64,18 

Table 2. Summary of 12 o'clock air temperature and humidity measurements at 4 seasons 
 

As for the measurements carried out at 15:00, the 
point that presented the highest temperatures was 
point 4 (in courtyard C, central courtyard, from the 
skylight), which also obtained the lowest levels of 
relative air humidity, except in autumn, when it 
presented an index of relative humidity of the air in the 
average, among the measured points. The lowest 

temperatures were found at point 5 (patio D - outdoor 
patio), in summer and autumn; at point 3 (courtyard B – 
inner courtyard), in winter, and at point 1 (courtyard A 
– entrance courtyard), in spring. All points with the 
lowest temperatures had the highest levels of relative 
air humidity, as expected, according to table 3. 

 

 

 

15h 
SUMMER FALL WINTER SPRING 

14/01/2019 22/03/2019 09/07/2019 07/10/2019 

COURTYARD POINTS AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR TEMP. 
(°C) 

RELATIVE 
HUMIDITY 

(%) 

AIR 
TEMP. 

(°C) 

RELATIVE 
HUMIDITY (%) 

A   1 39,62 45,32 25,65 77,57 24,90 56,93 27,22 70,81 
2 36,20 50,40 25,69 78,00 24,70 57,33 28,22 68,28 

B 3 36,02 51,34 25,44 82,85 24,20 59,73 27,50 70,75 
C 4 40,70 42,57 25,79 80,17 25,20 56,77 28,80 67,62 
D 5 35,33 51,97 25,08 82,45 24,84 57,03 28,22 68,53 

Table 3. Summary of 15 o'clock air temperature and humidity measurements at 4 seasons 
 

In the analysis of the electronic model simulating 
the shading of the architecture and vegetation of the 
college, at 3 pm on January 14, March 22, July 9 and 
October 7, 2019, the presence of shadow is observed in 
all yards in a percentage greater than 50% of shading, in 
all of the simulated days, in the four seasons. The patio 
with the highest temperature at this time is the central 
patio. 

 
Figura 2. Shading simulation on January 14, 2019 at 15:00h 

 

Figu
ra 3. Shading simulation on March 22, 2019 at 15:00h 

 

 
Figura 4. Shading simulation on July 9th, 2019 at 15:00h 

 

 

Figura 5. Shading simulation on October 7th, 2019 at 15:00h 
 
The patios that offer the lowest temperatures are 

those that presented greater ventilation and shading, 
due to buildings or vegetation. 

It is observed that the patios that offer the lowest 
temperatures are patio D – external patio and patio B – 
internal patio. It is believed that on account of good 
ventilation and shading. 

The central courtyard has the highest temperatures. 
It is covered by a alveolar polycarbonate structure and 
does not have enough openings to escape the heat that 
accumulates in the place during the day, reaching the 
highest temperatures at 3 pm. 

These data were crossed with the information 
obtained in the post-occupancy assessments, which will 
e presented below. 

In the post-occupancy evaluation, the walkthrough 
analysis with the students of the guild and the 
interviews carried out with the teachers, did not only 
take into account the level of comfort presented on the 
day of the interview, but of every day of the year, with 
observations about certain seasons. or weather 
conditions. 

In the questionnaires and in the visual map, the 
students took into account the environmental quality of 
that day, making it necessary to compare the result of 
these instruments with the measurements made 
exclusively on October 7, 2019. 

In the post-occupancy evaluation, as a general result 
of all the POA devices applied, the points pointed out as 
the most comfortable by the students are: (1st) the 
inner courtyard; (2nd) the entrance patio, despite 
having received a lower score than the internal and 
external patio, obtained a higher percentage of comfort 
in the morning and afternoon in the questionnaires, 
and in the area of point 2 on the visual map; (3rd) the 
external patio; and in last place (4th) the central patio 
with the lowest percentage of comfort in all the 
evaluations carried out, and at all times, table 4. 

  MEASUREMENTS ADAPTIVE COMFORT POA 
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INDEX 

COURTYARD POINTS 9h 12h 15h Average 
Temp. 

Neutral 
Temp. 

Quiz Visual  
Grade 

     temp. umid. temp. umid. temp. umid. AM PM Map   

A  1 26,79 72,23 29,85 62,92 27,22 70,81 28,32 26,13 74% 44% 62% 7,3 
2 26,1 74,18 29,76 63,78 28,22 68,28 27,93 25,81    69%   

B  3 25,78 76,13 29,79 65,11 27,5 70,75 27,79 25,69 78% 78% 77% 7,4 

C  4 26,65 73,74 29,83 63,55 28,8 67,62 28,24 26,07 52% 22% 31% 5,8 

D  5 25,65 76,87 29,4 64,18 28,22 68,53 27,53 25,47 70% 41% 69% 7,4 

Table 4. Comparative table of measurements, comfort index and POA of October 7, 2019. 

In the application of the adaptive comfort index, the 
average user neutral temperature between the five 
measurement points is 26°C. Since, in the afternoon, all 
the patios reached an air temperature above this value, 
the 9:00 am hour is the only one that allows 
hygrothermal comfort temperatures to users. 

In the measurements, the points that reached the 
lowest temperatures were: (1st) the external patio, 
which only did not obtain better results at 3 pm; (2nd) 
the inner courtyard; (3rd) point 2, and then point 1, of 
the entrance yard; and, in the last place (4th) the 
central courtyard, which had the highest temperatures 
between 12 and 3 pm.  

The ranking of the hygrothermal comfort responses 
of the post-occupancy assessment, the hygrothermal 
comfort index and the air temperatures in the 
measurements agree, only, with the last position, (4th) 
the central patio, as the patio with the lowest quality of 
hygrothermal comfort. 

In the morning, the most used yards mentioned in 
the results of the questionnaires are the entrance yard 
and the inner yard. In the measurements taken at 9 am 
on October 7, 2019, the entrance patio was the one 
with the highest temperature, at point 1, with a 
temperature reduction at point 2, repeating its ranking 
in the other measurements; and the external patio and 
the internal patio had the lowest temperatures. The 
evaluation of the patios in the walkthrough analysis 
showed all the comfortable patios, in the morning, 
agreeing with the adaptive comfort index applied to the 
measurement results. In the interviews, the teachers 
mentioned the entrance patio as the most pleasant 
patio, in the morning, a fact justified by the proximity of 
the air temperature in the patio, at 9 am, with the 
neutral temperature of the adaptive index. Also in the 
interviews, the central courtyard was pointed out as 
the least pleasant in the morning, despite having lower 
temperatures than in the afternoon. 

The entrance patio presented higher temperatures 
in the morning, due to its location to the east, receiving 
a higher incidence of solar radiation, however in the 
post-occupancy evaluation, the students rated the patio 
as more comfortable at this time, reaching 74% in the 

evaluation. What could justify this assessment of the 
quality of hygrothermal comfort of the entrance patio 
in the morning is that the temperature, despite being 
higher than that of the other patios, was close to the 
comfort level, as indicated by the adaptive comfort 
index. 

The patios with lower temperatures in the 
afternoon are the external patio at 12:00, the entrance 
patio and the internal patio at 15:00, corroborating the 
data obtained in the walkthrough analysis. In the post-
occupancy evaluation, the courtyard considered most 
comfortable in the afternoon is the inner courtyard and 
the least comfortable is the central courtyard, also 
reaffirmed in the walkthrough analysis. In the 
interviews, teachers reported that students complain of 
discomfort in the central courtyard and in the entrance 
courtyard, in the afternoon, and rated the central 
courtyard and the external courtyard, in the afternoon, 
as less comfortable, corroborating the measurements 
that point to the courtyard of entrance and the inner 
courtyard with the lowest temperatures. 

The temperatures measured in the measurements 
justify the occupation of the circulations in the central 
courtyard, pointed out in the behavioral map and 
explained in the walkthrough analysis. The most shaded 
areas showed greater hygrothermal comfort, according 
to the post-occupancy assessment, such as the external 
patio, the internal patio and the area of point 2 of the 
entrance patio. 

The high percentage of use of the patios, at times of 
worst air temperature, points to the relevance of the 
location and convenience of the patios for its users. 

The form of the school, with its blocks configuring 
the blades of the weather vane, has the central 
courtyard as a residual result. The distribution of the 
circulations, which already receive heat mitigation 
because they are shaded, channels the wind, making 
the air temperature in the circulations even lower. The 
temperatures measured in the measurements justify 
the occupation of the circulations of the central 
courtyard, pointed out in the behavioral map and 
explained in the walkthrough analysis. The more 
shaded areas presented greater hygrothermal comfort, 

 

 

indicated in the post-occupancy evaluation, such as the 
external patio, the internal patio and the area of point 2 
of the entrance patio. 

The incidence of solar radiation in the central 
courtyard through the translucence of the skylight 
cover, in colorless alveolar polycarbonate, warms the 
atmosphere of the central courtyard. The restrictive 
dimensioning of the upper spans of the skylight does 
not allow the removal of concentrated hot air, making 
this space overheated, in contrast to the comfortable, 
shaded and ventilated circulations. 

The students' performance in changing the layout of 
the central courtyard, changing the location of the 
game tables to the circulation areas in an attempt to 
achieve greater hygrothermal comfort, demonstrated a 
desire to use the space, which even with the 
hygrothermal discomfort, revealed both in the post -
occupancy and measurement, keep the users of the 
site, who remain next to the central courtyard, sitting 
on the floor of the circulations. This fact can be 
explained due to the centrality of the space and the 
existing furniture in the place. 

The discrepancy between the comfort ranking 
evaluated by the students in the POA and that of the 
measurements, and the prevalence of the use of the 
central patio and external patio by the students, in the 
afternoon, can be explained, in part, by the attractions 
of the patios, such as the number of available seats, 
level of privacy, silence, or your location. The entrance 
patio is made up of extensive benches and is 
considered by students as a quiet and reserved area, 
good for spending free time, studying and talking; the 
inner courtyard has no furniture, but it is a very 
reserved and silent environment, where students like to 
rest after lunch; the central patio is the patio with the 
best location due to its centrality and visibility, 
providing greater interaction with the other 
environments, despite not having a sufficient number 
of seats, it has several attractions such as ping-pong 
and foosball tables and the convenience of proximity to 
toilets and drinking fountains; the outdoor patio 
interacts with the sports courts and central patio, and is 
composed of tables and benches that provide greater 
convenience for group studies and social events, in 
addition to being close to the changing rooms on the 
court.  

 
4. FINAL CONSIDERATIONS 

As a result, it was observed that the open spaces for 
school life could be better used, if standards of 
hygrothermal comfort were respected, such as cross 
ventilation and shading by vegetation. 

The inner courtyard is the second covered 
courtyard. On rainy days, its function as a shelter is not 

effective, but it can be solved by installing hinged 
awnings, allowing it to be collected on dry days. The 
courtyard was considered the most hygrothermal 
comfort of the College, but its use is practically destined 
for the students' rest, this use possibly relocated in a 
student union room or another air-conditioned indoor 
environment. The inner courtyard is poor in furniture, 
since the implementation of benches where students 
can gather, the relocation of the ping-pong and foosball 
tables, currently located in the central courtyard, would 
allow a better use of the space, favoring the full use, of 
its hygrothermal comfort conditions in the courtyard, 
by the students 

The central patio, considered the hottest and most 
uncomfortable patio in the school, needs greater 
ventilation to allow the concentrated hot air to escape, 
today the height of the roof span is 40 cm, allowing 
inefficient ventilation, so the increase of the span 
would please the escape of hot air. However, to 
increase the height of the span, the length of the eaves 
must be increased, in order to protect the entry of rain. 
Changing the type of coverage transluced for one 
thermicly eficient (maintaining the characteristic of the 
space), is also an artifice that would contribute to 
thermal comfort. Today we have roofing in cellular 
polycarbonate with heat treatment such as reflective 
cellular polycarbonate that reduces the internal 
temperature by up to 7°C and the fully reflective 
cellular polycarbonate that achieves a reduction of up 
to 9°C, providing quality and hygrothermal comfort to 
the patio while maintaining its characteristics design. 

The relevance of schoolyards must be considered by 
architects in their design exercise, removing them from 
the use of residual land space, and placing them at the 
top of the list of architectural scope needs, since in 
addition to being a pedagogical space contributions, the 
patio contributions to the well-being and rest of the 
students, favoring the health, concentration and 
development of users. 

It is expected to contribute to the advancement of 
research in the área. 
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Hygrothermal Evaluation of an Indigenous Dwelling on the 
Andean Highlands 

Evidence of how Atacameño architecture can achieve better indoor 
thermal standards than those set by the Chilean regulation and the 

average Chilean dwellings 
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¹ Universidad Tecnológica Metropolitana  
 
 

ABSTRACT: This study analyses the bioclimatic strategies underlying the indigenous architecture of the Andean 
Highlands. It confronts the hygrothermal performance of a Likan Antai dwelling made of liparite stone, straw, 
and mud with three parameters: the Thermal Regulation of the Ministry of Housing, the average indoor 
temperatures in Chilean houses [1] and indoor thermal comfort standards set by the Adapted Comfort 
Climograph [2]. Major findings show that even though temperatures in the highlands can oscillate from 42°c to -
5°c in one day, indigenous dwellings provide highly stable indoor temperatures: 18°c day and night. Results 
evidence a hygrothermal performance that exceeds the standards set by the Chilean regulation, achieves indoor 
temperatures within the comfort ranges set by Neila 95% of the time; and widely exceeds the performance of the 
actual average housing in Chile. This comparison searches to outline the knowledge underlying indigenous 
architecture regarding climate adaptation and indoor thermal comfort. Therefore, this study aims to appraise 
the contemporary significance of this cultural heritage to contribute to preservation in areas of high material 
and cultural patrimony like the Andean Highlands. 
KEYWORDS:  Hygrothermal comfort, Andean dwellings, Caspana.  
 
 

1. INTRODUCTION  
Climate and architecture have always been 

closely related. This is evident in the materials, 
techniques, construction systems, and designs of 
primitive houses around the world. Amos Rapoport 
[3] highlights the amazing skills of primitive builders 
in dealing with climate and their ability to use 
minimal resources for maximum comfort. For Javier 
Neila [2], popular architecture represents the 
perfect adaptation between climate, human needs, 
and sustainable construction, being this the reason 
why he considers it the first bioclimatic 
architecture. 

The Likan Antai or Atacameño communities that 
still inhabit the Andean highlands live in the oases 
and valleys of the Atacama Salt Flat and the Loa 
River Basins. The region they inhabit has a desert 
climate, with extreme day-night temperature 
variation. Their dwellings meet Jorquera's [4] 
definition of vernacular architecture: "It is the 
architecture of a place, created by a specific 
community and based on its knowledge of the 
physical and cultural environment. Their notion of 
environment includes climate, geography, available 
resources, social organization, beliefs, traditions, 
and productive systems. Among its most important 
features are the use of local building materials and 

the development of energy-efficient and low-
impact technologies. The shape and character of 
the habitat and its constructions, respond to long 
trial and error processes, in which knowledge 
passes down from one generation to another. This 
knowledge is a timeless practical experience of 
building in continuous evolution seeking the best 
way to adapt to nature".  
 
2. BACKGROUND  

This study is based on former research entitled 
Sustainable Adaptation to Territory and Climate of 
the Indigenous Peoples of Chile. It searched for 
sustainable strategies underlying the settlement 
patterns of the 9 indigenous peoples that still 
inhabit the Chilean territory, and the notions of 
bioclimatic design underlying their construction 
patterns. At that moment, the hypothesis was 
based on a simple idea: the need for adaptation to 
climate and geography with simple or no 
technology to organize a culture and a system of 
beliefs implies managing daily life with local 
materials, available natural resources, and efficient 
use of energy. The focus of the investigation relied 
on one hand on understanding the strategies on 
two scales, the settlements and the buildings, and 
on the other hand, on the variations found between 

 

the strategies adopted by peoples of different 
latitudes and climates. 

The present study takes a closer look at the case 
of Caspana, a rural Atacameño village located in the 
Andean Highlands of northern Chile (Fig.1), at 3264 
meters over sea level and in the geographical 
coordinates -22.33 lat. and-68.21 long. It has a high 
desert climate with extreme day-night temperature 
variation and heavy rains in summer (Invierno 
Boliviano or Invierno Altiplánico). 

 
Figure 1:  
The village of Caspana in the Andean Highlands 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Photographs of Caspana. Source: Archive of the 
author 

 
The study case matches the local traditional pre-

Columbian architecture of compact and rectangular 
enclosures (Fig.2), low height, and scarce doors and 
windows (Fig. 3). Walls are made of double liparite 
stones, 60 cm thick and 1.80 Mt high (Fig.4).  
Liparites are ignimbrites with more than 30% cavern 
component, which means that these stone walls 
contain air bubbles within. Local cactus wood 
beams (cardon) structure the ceiling and a thatched 
roof cover the house. The floor is made of rammed 
earth. The access door and the only two windows 
face the morning sun and all other walls have no 
windows or doors at all.  The back of the house 
faces the slope, as in most houses in Caspana, and 
serves as a retaining wall. The enclosure is 3.5 m 
wide and 10 m long and faces a stone access 
platform that lies 1.5 meters above the street level. 

This platform helps protect the dwelling from floods 
during the rainy season. The retaining wall and 
staircase of this platform are also made of stone. 

 
Figures 2,3 and 4: 
Architectural plans of the case study 
 

 
 
 
 
 
 

 
Figure 2: Floor plan of the case study. Source: Archive of 
the author 

 
 
 
 
 
 

Figure 3: Elevation of the case study. Source: Own 
elaboration 

 
 
 
 
 
 
 
 
 
 

Figure 4: Cross-section of the case study. Source: Own 
elaboration 

 
3. MATERIALS AND METHODS 

Comfort is a complex phenomenon resulting 
from the combination of stimuli and sensations [5]. 
Hygrothermal comfort is achieved when the body 
loses heat at the right pace. It is there where a   
higher speed would imply a cold feeling and a lower 
speed, a warm feeling. At the right speed, all energy 
exchanges in the human body are balanced [2]. 

In this study, the hygrothermal performance of 
the study case is evaluated by comparison with 
three parameters: the building envelope standards 
set by the Chilean Thermal Regulation, the actual 
average indoor temperatures in Chilean dwellings, 
and the range of hygrothermal comfort according to 
Neila’s Adapted Comfort Climograph. Thermal 
transmittance calculation is used for the first 
comparison and three months of hygrothermal 
measurements, bibliography analysis, interviews, 
and direct observation are used for the last two. 

Fieldwork begins during the rainy season using 
data loggers installed inside and outside the case 
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study house, programmed to load temperature and 
humidity data every 15 minutes. The three 
parameters of comparison are described as follows. 

 
3.1 Thermal Regulation in Chile 

In 2000, the Chilean General Town Planning and 
Constructions Ordinance includes a Thermal 
Regulation that sets acceptable values for the 
thermal transmittance of the building envelope. It 
defines five climate areas throughout the territory, 
and according to its requirements, sets standards 
for each one (Fig.5). Compliance with this regulation 
defines the admissibility of state financing through 
subsidies for housing construction, renovation, and 
refurbishment policies. Older regulatory 
backgrounds contain more specific climate areas 
and suggest harder to meet standards. Yet, they are 
not compulsory.  

According to this Regulation, Caspana lies in the 
5th Thermal Zone and sets the following acceptable 
U-Values for the building envelope:   

 
Figure 5: 
Minimum Thermal Transmittance for the Building 
Envelope according to the Climate Zone 

 
Figure 5: Minimum value for the thermal transmittance of 
the building envelope according to the Chilean Thermal 
Regulation [7].  Source: Own elaboration based on the 
Thermal Regulation. 

 
The thermal transmittance of the study case’s 

envelope is calculated (Fig.6) with data obtained 
from the Chilean Norm [6] and conductivity tests 
carried out by the Centre of Excellence in 
Geothermic Energy of the Andes (CEGA-University 
of Chile) and the University of Concepción. 

 
 
 
 
 
Figure 6: 
Calculation of the Thermal Transmittance of the Study 
Cases' Envelope 

 

 

Figure 6: Calculation of the Thermal Transmittance of the 
study case’s envelope. Source: Own elaboration. 
 
 
 
 
3.2 Average temperatures in Chilean dwellings  

In 2007-2008, the Chilean National Commission 
of Energy (CNE) and the German Agency for 

Zone Roofs Walls Ventilated 
mezzanines 

 U  
(W/

m2K) 

Rt 
(m2K
/W) 

U 
(W/

m2K) 

Rt  
(m2K
/W) 

U  
(W/

m2K) 

Rt 
(m2K/W) 

1 0,84 1,19 4,0 0,25 3,60 0,28 

2 0,60 1,67 3,0 0,33 0,87 1,15 

3 0,47 2,13 1,9 0,53 0,70 1,43 

4 0,38 2,63 1,7 0,59 0,60 1,67 

5 0,33 3,03 1,6 0,63 0,50 2,00 

6 0,28 3,57 1,1 0,91 0,39 2,56 

7 0,25 4,00 0,6 1,67 0,32 3,13 

WALLS: Double 
Liparite Stone (600 
mm + Stucco of Clay 
(50 mm) 

Thickness 
(meters) 

Conductivi
ty 
(W/(m/K) 

Thermal  
Resistance 

Structure 
Liparit
e 
Stone 

0,6 0,42 1,429 

Interior 
lining Clay 0,05 1,5 0,033 

Thermal 
insulation -- -- -- -- 

Surface 
interior 

resistance  
   0,12 

Surface 
exterior 

resistance 
   0,05 

Total Thermal Resistance 1,632 
M2K/W 

  

U-Value of the Study Case WALL (1/Th R) 0,613 
W/m2K 

Minimum WALL U-Value for Zone 5 according to 
the Thermal Regulation 

1,6  
W/m2K 

   

ROOF: Paja Brava 
(200 mm) + Mud 
(50 mm) 

Thickness 
(meters) 

Conduct
ivity 
(W/(m/
K) 

Thermal  
Resistance 

Roof Paja 
Brava 0,2 0,045 4,444 

Ceiling Clay 0,05 1,5 0,033 

Thermal 
insulatio
n 

-- -- -- -- 

Surface 
interior 
resistanc
e  

   0,09 

Surface 
exterior 
resistanc
e 

   0,05 

Total TR 
4,618 
M2K/W 

U-Value (1/ Thermal  Resistance) 0,217 
W/m2K 

Minimum ROOF U-Value for Zone 5 according 
to the Thermal Regulation  

 

0,33  
W/m2K 

 

Technical Cooperation (GTZ) developed a study to 
determine the energy efficiency and hygrothermal 
comfort baseline of the residential sector, related to 
the conditioning of dwellings.  

Information for the study was mainly collected 
from in situ surveys and measurements and 
considered 400 dwellings from five different regions 
and climates. The study defines the following 
ranges of hygrothermal comfort: 20°c to 26°c for 
20% RH; and 20°c to 24°c for 80% RH.  

Results from that study reveal, for the total 
winter universe, an average indoor temperature of 
15.7°c. 44% of the sample registered average 
indoor temperatures below 15°c; 9% registered 
temperatures above 20°c and 67% registered 15°c 
or less. 91% of the sample registers 20°c or less 
(Fig.7).  

 
Figure 7: 
Winter Results (Indoor Temperature) 
Average sample 15.7°c 
44% <15°c 
9% >20°c 
67% <15°c 
90% <20°c 
 
Figure 7: Winter indoor temperatures in Chilean 
dwellings. Own elaboration with data from GTZ and the 
Chilean National Commission of Energy 
 

In summer, the total universe shows an average 
indoor temperature of 26.4ºC. 22.4% above 30ºC 
and 40.5% in the range from 25ºC to 30ºC. 37.1% of 
registered temperatures are below 25ºC and are 
considered acceptable (Fig.8). 

 
Figure 8: 
Summer Results (Indoor temperature) 
Average sample 26,4°c 
22.4% >30°c 
40.5% 25°c – 30°c 
37.1% <25°c 
 
Figure 8: Summer indoor temperatures in Chilean 
dwellings. Own elaboration with data from GTZ and the 
Chilean National Commission of Energy 
 

In winter, 90% of the measured dwellings 
registered indoor temperatures below the range of 
comfort established by the study and in summer, 
62.9% of the measured dwellings registered higher 
indoor temperatures than those defined as 
acceptable according to the ranges established by 
the study. This means that in terms of hygrothermal 
comfort, most Chilean dwellings provide indoor 
environments that are too cold for winter and too 
warm for summer.  

 

3.3 Adapted Comfort Climograph 
The third parameter of comparison is Neila’s 

Adapted Comfort Climograph. This climograph 
integrates air temperature values, relative humidity, 
clothing, and metabolic activity to identify 
recommendations for architectural design that 
favor the feeling of hygrothermal comfort in a given 
climate. 

 In this climograph, the comfort area is 
progressive, and approaching it implies a more 
“pleasurable” feeling in personal order and an 
increase in the percentage of individuals who feel 
comfortable in a collective order. To alleviate the 
edge effect, the extended comfort areas are 
created in the bordering areas and are defined as 
those where at least 80% of the people would feel 
“comfortable”.  

To build Neila's adapted comfort climograph for 
the study case's climate, temperature and humidity 
data were obtained from the Caspana 
Agrometeorological Station.  

 
Figure 9: 
Adapted Comfort Climograph for Caspana 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Adapted Comfort Climograph for Caspana. 
Source: Own elaboration, based on the Caspana 
Agrometeorological Station’s database 

 
The climograph shows that during summer, 

autumn, and the end of spring, daytime 
temperatures are within the extended comfort 
range, sometimes dry or excessively dry, but 
acceptable. In the same period at night, the 
temperature drops to considerably colder areas 
that can be controlled by internal loads. In winter 
and early spring months, daytime and nighttime 
temperatures are within this area, descending even 
to extreme cold areas where the need for solar 
radiation and thermal mass is needed. 

 
For this climate, the extended comfort range is 

defined by temperatures between 16.4°c and 25.5°c 
and 20% to 80% relative humidity (Fig.9). 
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4. RESULTS 
The fieldwork is carried out during the rainy 

season (January and February). The daily climate 
pattern shows a clear sunrise and rising 
temperatures towards 15.00 HS. In the afternoon, 
clouds cover the sky, and thunder is heard over the 
mountains. In a three-hour lapse, rain starts falling 
until late at night. Data recorded describes day #1 
as follows: at 8.00 HS the sky is clear with 12 °c and 
60% RH. The temperature gradually increases until 
15.00 HS, when 26.5 °c is registered and the relative 
humidity has fallen to 30%. At this time, the 
maximum temperature of the day has been reached 
and thunder sounds over the hills. At 16.00 HS, a 4 
m/s wind raises, and temperature drops. At 18.00 
HS heavy rain starts falling until 21.00 HS.  

 
Figure 10: 
Indoor and Outdoor Temperatures in the Case Study 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Indoor and outdoor temperatures from Jan 
20th to Feb 25th, 2017. Source: Own elaboration 

 
During the fieldwork, the highest outdoor 

temperature is 41.6°c / 6% RH. On that day, the 
thermal oscillation registers 34°c. The lowest 
outdoor temperature registered is 6.1°c / 62% RH. 
On this day, the thermal oscillation registers 32°c.  

The highest indoor temperature registered 
during the fieldwork is 19.9°c / 51% RH. On that 
day, the indoor thermal oscillation registers 2.4°c. 
The lowest indoor temperature is 14.1°c /79% RH 
and the indoor thermal oscillation registers 2.8°c. 
(Fig.10) 

 
Figure 11: 
Indoor and Outdoor temperature and humidity 
measurements.  
Outdoor Indoor 
Temp. (°c)  RH (%) Temp. (°c)  RH (%) 
Max  Min  Max  Min  Max  Min  Max  Min  
41.6 6.1 97 6 19.9 14.1 82 42 
Figure 11: Indoor and outdoor temperatures from Jan 
20th to Feb 25th, 2017. Source: Own elaboration 

For the complete period, the outdoor 
temperature oscillation reaches 38.5°c whereas the 
indoor oscillation reaches only 5.8°c. The average 
indoor temperature registers at 17.7°c (Fig. 11). 

5. CONCLUSIONS 
A comparison between the thermal 

transmittance of the building envelope and the 
Chilean Thermal Regulation shows that the double 
liparite stone wall and the straw and mud roof 
exchange energy with the environment at a slower 
pace than is required by this regulation for this 
climate zone. This could indicate a better 
performance of this traditional architecture from a 
material and constructive point of view.  

A comparison between field results and the GTZ 
baseline study suggests that the case study has a 
higher average indoor temperature (17.7°c) than 
the average Chilean dwellings in winter (15.7°c) and 
a lower one in summer (26.4°c). In both cases, 
winter and summer, the study case’s indoor 
temperatures lay closer to the comfort range set by 
that study than the average Chilean dwellings. 

A comparison between the registered indoor 
temperatures and those set as comfortable by 
Neila's climograph for Caspana (16.4°c - 25.5°c) 
shows that 95% of the time, the indoor 
temperatures were registered as “comfortable”. 
Only 5% of the time they proved to be “colder than” 
comfortable and at no time were they “warmer 
than” comfortable.  

The stability of the indoor temperatures 
registered in the study case during the fieldwork 
could be due to the high thermal inertia of the 
masonry envelope that contributes to the delay of 
energy transmission. However, a thermal 
conductivity test applied to a liparite stone sample 
allowed us to conclude that this construction 
material also contributes to thermal insulation, 
most likely because of its 30% porosity (0,426 
W/m*K).  

 
Figure 12: 
Thermal conductivity test on a liparite stone sample 

 
 
 
 
 
 
 
 
 
 

 
Figure 12: Results of a thermal conductivity test on a 
Liparite stone sample.  Source: CEGA (Centre of 
Excellence in Geothermal Energy in the Andes, 2018)  

 
Today, houses in Caspana are built with 

concrete blocks and zinc roofs (Fig.14). They not 
only interrupt the continuity with the landscape and 

 

the local architecture (Fig.13) but also provide 
poorer habitats in terms of energy use and thermal 
comfort.   This implies an important challenge for 
public policies in areas of cultural heritage, given 
that the built-up landscape is rapidly changing while 
decreasing the habitability of its interior spaces  

Evaluating the hygrothermal performance of 
both, contemporary and traditional architecture, 
can collaborate to appraise the present-day 
significance of indigenous likan antai dwellings and 
contribute to preservation in areas of high material 
and cultural patrimony like the Andean Highlands. 
The collection of empirical data can help focus 
public policies regarding construction and housing 
improvement plans in areas of high cultural 
heritage, emphasizing its ancestral values and 
preserving the typologies that make the place 
unique and unrepeatable. 
 
Figure 13: 
Traditional Dwellings in Caspana 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Traditional dwellings in Caspana. Source: 
Archive of the author.  

 
Figure 14: 
Contemporary Dwellings in Caspana 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: Contemporary dwellings in Caspana. Source: 
Archive of the author.  
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ABSTRACT: The historic built environment has a fundamental role to play in the future of our cities. It has been 
recognised to be instrumental in achieving social, economic, environmental, and cultural sustainability. However, 
operational carbon emissions must be reduced, and further research is required to achieve this. This paper presents 
the ongoing research by the authors, evaluating the energy retrofit of historic timber-framed buildings in the UK. 
The paper focuses on a funded research project where monitoring of replacement infill panels under real climatic 
conditions, and digital dynamic hygrothermal modelling, are utilised to determine the thermal performance of 
four infill materials, the hygrothermal conditions within and around the panels, and assess associated risk to the 
historic timber frame from moisture accumulation. The four materials monitored are traditional wattle-and-daub, 
expanded cork board, a composite detail of woodwool and wood fibre boards, and hempcrete. The results show 
wood fibre as the most susceptible to moisture accumulation. The use of impermeable perimeter sealants should 
be questioned; however, this requires further research. The results from simulations corroborated these main 
findings, however interstitial condensation was predicted at the inner face of the wood fibre insulation, which to 
date has not been measured. The monitoring is ongoing.   
KEYWORDS: Heritage Retrofit, Hygrothermal Monitoring, Hygrothermal Simulation, Timber-Frame  
 
 

1. INTRODUCTION  
In the face of the current climate emergency, we 

are challenged to rethink the design of our cities and 
how we inhabit them. In the majority of cases the 
historic built environment constitutes a valuable 
component of our existing urban fabric. Its role has 
been recognised as fundamental in achieving social, 
economic, environmental, and cultural 
sustainability. It does this through the creation of 
social cohesion (CHCfE Consortium, 2015), and the 
strengthening of citizenship (United Nations, 2017). 
It forms the basis for vibrant, inclusive urban 
economies (ibid.), whilst at the same time it has been 
shown to promote wellbeing (Fujiwara et al., 2014). 
The continuing use of its embodied carbon reduces 
further carbon emissions that would otherwise 
result from new construction (Historic England, 
2020), however, its operational carbon emissions 
must be reduced along with those of the rest of our 
existing building stock (IPCC, 2018). Given the 
technical and philosophical complexities of 
retrofitting heritage buildings and those of 
traditional construction, it has been identified that 
further research is required (OJEU, 2018). This paper 
focuses on the currently under-researched area of 
the energy retrofit of historic timber-framed 

buildings in the UK. The paper will begin by outlining 
this building typology and the opportunities and 
challenges faced when aiming to improve its energy 
efficiency. It will then introduce the methodology 
and results for a specific experiment that has been 
undertaken to examine the performance and 
associated risks of four potential replacement infill 
panels. Measurements from the physical monitoring 
are compared to the results of digital dynamic 
hygrothermal simulation. 
2. HISTORIC UK TIMBER-FRAMED BUILDINGS 

Timber-framed buildings hold a special place in 
the cultural identity of the UK and more specifically 
England (Ballantyne & Law, 2011). With their 
structural frame commonly exposed both internally 
and externally (fig.1), these buildings have become 
synonymous with “Olde England” and as such have 
been emulated around the world (ibid.). The 
exposed frame was most commonly traditionally 
infilled with wattle-and-daub (earthen render on a 
woven timber lattice), although other historic infill 
materials such as lath and plaster, brickwork, and 
stone can be found (Harris, 2010). Today there are 
approximately 68,000 nationally designated heritage 
assets, built before 1850, of this typology (Whitman, 
2017). Of these, 70% are dwellings and a further 14% 

 

are in use as commercial premises (ibid.). As such, 
the need to reduce their energy demand and 
increase internal hygrothermal comfort is critical.  
Figure 1:  
C15 timber-framed building, Lavenham, UK, showing 
exposed structural frame. (Lead Author, 2017) 
 

 
 
2.1 Retrofit of historic timber-framed buildings  

Given that the exposed frame (fig.1) is a defining 
part of these building’s aesthetic heritage value, the 
energy retrofit options for their walls are limited.  
Nevertheless, where the historic infill panels are 
beyond repair, or have already been replaced, an 
infill material with a higher thermal resistance may 
be retrofitted (Oxley, 2010). However, changes to 
the hygrothermal performance of the infill panel 
may affect that of the surrounding historic fabric, 
raising the risk of interstitial condensation, moisture 
accumulation and the creation of conditions ideal for 
fungal decay and insect infestation. The junction 
between the infill material and the exposed frame 
presents a particular challenge in achieving 
airtightness and preventing water ingress. 
Consideration of the design of this detail, in 
conjunction with experienced workmanship is 
therefore critical to the success of the whole 
intervention. 
 
3. METHODOLOGY 

The research presented in this paper builds on 
previous research by the authors (Whitman et al., 
2018, Whitman et al., 2020). To address the 
difficulties of undertaking in situ monitoring within 
historic walls at case study properties, and the 
limitations of laboratory testing, the decision was 
taken to monitor physical test panels exposed to real 
climatic conditions over an extended period (a 
minimum of 18 months). The panels were mounted 
in the north façade of a test cell located in Cardiff, 
Wales, UK, with the external face of the panels 
exposed to the Cardiff climate, and the internal 
environment heated (21°C) and humidified (≥60%) 
during the UK heating season (Nov.-Mar.). Outside of 

these dates, the internal conditions were free 
running, replicating the reality in most UK homes. 
The external climate (temp. (°C), RH (%), 
precipitation (mm), air pressure (mbar), wind speed 
(m/s) and wind direction) was measured using a 
Vaisala WXT520 mounted on the roof of the test cell. 
Following the failure of the integrated electronic rain 
gauge early in the project, this was replaced after 
two months with a 52202 tipping bucket rain gauge 
manufactured by R.M. Young. Direct solar radiation 
(W/m2) incident on the panels was measured using 
a Kipp and Zohnen® CM5 pyrometer, and the 
internal temperature (°C) and RH (%) of the cell with 
a Campbell Scientific® CS215. All sensors were wired 
to a Campbell Scientific® CR1000 data logger.   

The dimensions of the panels were defined by a 
review of 100 historic timber-framed buildings, 
resulting in a typical panel size of 305 mm wide by 
1830 mm high. Four different infill materials 
monitored were monitored (fig 2), wattle-and-daub, 
expanded cork board, a composite detail of 
woodwool and wood fibre boards (McCaig & Ridout, 
2012), and hempcrete (Stanwix & Sparrow, 2014). 
Pairs of panels were constructed within reclaimed 
oak frames, with one of each finished in a render 
based on Natural Hydraulic Lime (NHL) 3.5 and the 
other in a non-hydraulic lime render with hemp 
shives as an aggregate (lime-hemp). 
Figure 2:  
Test panels prior to application of external render. Infill 
materials Left to right- wattle and daub, cork, wood 
fibre/wood wool, and hempcrete. Monitoring positions 
highlighted, red- centre panel, blue- vertical frame/panel 
junction, and yellow-horizontal frame-panel junction (Lead 
Author, 2019) 
 

 
 
The thermal performance of the panels was 

assessed January-March 2020, and repeated 
November 2020-January 2021 and again November 
2021-February 2022. This was undertaken using in 
situ U-value measurements according to BS ISO 
9869-1:2014. Thermography following best practice 
guidelines (Young, 2015) was also undertaken on the 
19th February 2020 and the 19th November 2020 
both at 07:00, 30 minutes prior to sunrise to 
minimise the impact of direct solar radiation on the 
façade and maximise the internal/external 
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temperature difference. Interstitial hygrothermal 
conditions were monitored continuously from 
December 2019 to December 2021 using Type T 
thermocouples (°C) and electrical resistance for 
moisture content (%). The monitoring positions as 
highlighted in figure 2 were located at the centre of 
each panel, at the horizontal junction at the base of 
each panel, and halfway up the vertical junction of 
the panels finished in NHL3.5 based render. At each 
position, sensors were placed at three depths (fig 3): 
between the internal plaster and insulation, at mid-
depth, and between the insulation and external 
render. The sensors were wired back to the CR1000 
data logger, with measurements at 30-minute 
intervals. 

 
Figure 3:  
Sections showing panel infill details and monitoring 
locations. Materials left to right- wattle and daub, cork, 
wood fibre/ wood wool and hempcrete. Monitoring 
locations Red- external (e), Blue- central (c), and Yellow- 
internal (i). 
 

 
 
Following 18 months of monitoring, the 

measured climatic data was used to undertake 
dynamic hygrothermal simulations using WUFI® Pro 
5.3 software and the measured and simulated 
results compared. Analysis of the material databases 
pre-existing within WUFI® Pro 5.3 (Fraunhofer 
Institute, 2013) was undertaken to assist with the 
selection of materials assigned to the components in 
the simulation. However, it should be noted that 
only in the case of the wood fibre insultation was this 
a precise match for the material, manufacturer, and 
product of the physical construction. For all other 
components a closest match was chosen. This was 
based only on limited material property data for the 
real materials. Additional funding is currently being 
sought to undertake detailed material 
characterisation of all materials used in the physical 
test panels to further improve this element of the 
research. 
 

4. RESULTS 
4.1 Thermal Performance 

The in situ U-value measurements of the 103mm 
thick panels are presented in table 1. These show 
that the cork infill achieves the best thermal 
performance with an average U-value of 0.52W/m2K 
for the panels finished in the NHL 3.5 based render 
and 0.47W/m2K for the lime-hemp render. The worst 
thermal performance is seen from the wattle-and-
daub with averages of 2.84W/m2K (NHL 3.5) and 
2.19W/m2K (lime-hemp). Overall, the use of the 
lime-hemp render achieves an average 10% 
improvement in U-value. 

 
Table 1. U-values of test panel measured at centre of 
each 103mm thick panel according to BS ISO 9869-1:2014. 
For the periods Jan.-Mar. 2020 (A), Nov. 2020 – Jan. 2021 
(B) and Nov. 2021-Feb 2022 (C) and average (Av.) 

Infill 
Material Plaster U-Value (W/m2K) 

A B C Av. 
Wattle & 

Daub NHL 2.92 2.95 2.65 2.84 

 LH 2.21 2.39 1.96 2.19 
Cork NHL 0.54 0.50 0.52 0.52 

 LH 0.46 0.47 0.48 0.47 
Wood 
fibre NHL 0.71 0.63 0.64 0.66 

 LH 0.66 0.66 0.74 0.69 
Hempcrete NHL 1.56 0.94 1.12 1.21 

 LH 1.22 0.99 1.39 1.20 
NHL- Natural Hydraulic Lime 3.5 and LH-Lime-hemp 

 

It had been hoped to see an improvement in the 
thermal performance of all panels, especially those 
with wet applied infill materials (wattle and daub, 
and hempcrete), as the panels dried out. There was 
however only a minimal difference in moisture 
content within the panels (>2%) between each of the 
three rounds of U-value measurements due to 
climatic conditions. The Hempcrete panels show an 
improvement in thermal performance over the first 
year despite displaying similar moisture contents, 
however this improvement is reversed by the time of 
the final U-value being measured. None of the U-
values for this material meet the U-values of 
0.67W/M2K (NHL) and 0.58W/M2K (LH) predicted 
based on literature for this construction technique. 

Thermography (fig 4 and fig 5) undertaken in the 
conditions as noted in table 2, verified the results of 
the in situ U-value measurements.  

 
Table 2: Dates and conditions of thermography 

Date Time Int. Temp. (°C) Ext. Temp. (°C) 
19/02/20 07:00 20.6 3.7 
19/11/20 07:00 20.5 8.7 

Difference -0.1 +5.0 
 

 

 

 

Figure 4:  
External thermography 07:00, 19/02/20. Internal temp. 
20.6°C. External temp. 3.7°C. NHL- Natural Hydraulic Lime 
3.5 and LH-Lime-hemp   
 

 
 

Figure 5:  
External thermography 07:00, 19/11/20. Internal temp. 
20.5°C. External temp. 8.7°C   

 
 
4.2 Moisture Content 

The moisture content monitoring showed an 
initial drying period of approximately six months 
following construction for most monitoring 
positions. However, for the monitoring positions at 

the horizontal junction between infill and timber 
frame, those materials finished in lime-hemp render 
dried two months earlier than those finished in the 
NHL 3.5 based render.  

This difference in drying times may be explained 
by the greater moisture permeability of the lime-
hemp plaster. However, this would not explain why 
this was only detected at the horizontal junction and 
not at any other monitoring position. At all other 
positions no discernible difference in drying times 
was noted between panels finished with the two 
different renders. 

These initial drying periods were then followed 
by a series of wetting and drying cycles (fig 6). As 
these cycles correspond exactly to climatic 
conditions, principally related to wind-driven rain 
during named storm events, it can be concluded that 
no evidence of interstitial condensation has been 
measured to date. Over the 18 months of monitoring 
a total of six named storm events took place, each 
with a varying degree of impact on the moisture 
content of the panels and timber frame. The largest 
impact was experienced following Storm Alex during 
which the wettest day since records began in 1891 
was recorded in the UK (Met Office, 2020). It should 
be noted that at the time of the design of this 
experiment the frequency and intensity of these 
storm events was not foreseen. Although not a 
planned objective, the results have demonstrated 
the impact of such storms on the moisture content 
of timber-framed building elements. Climate change 
predictions anticipate an increase in major storms 
(IPCC, 2018) and as such further research is 
recommended into the implications of this for 
timber heritage in the UK and beyond. 

 

Figure 6:  
Moisture Content Measurements 12/12/2019 – 22/01/2021. (WD-Wattle & Daub, WF-Wood Fibre, CK-Cork, HC-Hempcrete. 
i-internal, c-centre, e-external.) Showing major increases in moisture related to storm events. 

  

Initial drying phase Storm Alex ➔ Bella ➔ Evert ➔  Darcy  Barra Aurore ➔ 

LH     NHL   NHL   LH       NHL    LH    NHL    LH  

LH      NHL   NHL    LH      NHL  LH    NHL    LH  
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As a consequence of Storm Alex, the results from 
the monitoring positions at the horizontal junction 
between infill panel and timber frame showed a 
rapid increase in moisture content within the wood 
fibre/wood wool panels, both for those finished in 
the lime-hemp render and the render based on NHL 
3.5. The highest moisture content was recorded at 
the mid-depth of these panels at this junction, with 
this exceeding 20% for three months and remaining 
over 18% for over a year. A lesser increase was also 
seen at the same time in the moisture content at the 
vertical junction for the cork infill panels, however 
this remained over 18% for only four months. For 
both these infill materials (wood fibre/wood wool, 
and cork) the recommended installation detail 
included an impermeable sealant around the 
perimeter. This would potentially appear to trap 
moisture entering the joint through capillary action. 
Further investigation of this is required.  

 
4.3 Digital dynamic hygrothermal simulation 

The results of the WUFI® Pro 5.3 simulations were 
plotted and compared with those measured. As the 
software package does not generate moisture 
content for specific monitoring positions, only for 

material layers, relative humidity (RH%) has been 
plotted as a proxy. Whilst this does not allow direct 
numerical comparison, it does allow profiles to be 
compared (fig 7.). In general, although the profiles 
are not exact matches, the simulations did 
corroborate the measured results, indicating the 
major changes in moisture content to result from 
wind-driven rain. However, they also predicted an 
increase in moisture content at the internal face of 
the wood fibre insultation which appears unrelated 
to any wind-driven rain, predating the first storm 
event. This would suggest a prediction of interstitial 
condensation within this construction. As previously 
noted, this has not been measured to date. The 
other notable difference between simulations and 
measured results is that the simulation does not 
demonstrate the same spread of results for the 
different infill materials and monitoring positions 
measured in reality.  

 
WUFI® 2D simulation was attempted for the 

junction between the infill panels and timber frame, 
however the results were inconclusive and are not 
included in this paper. 

 
 

Figure 7:  
Results of WUFI® Pro 5.3 simulation for Lime-Hemp rendered panels mid panel monitoring location. (WD-Wattle & Daub, WF-
Wood Fibre, CK-Cork, HC- Hempcrete. i-internal, c-centre, e-external.) 
 

 

Initial drying phase Storm Alex ➔ Bella ➔ Evert ➔  Darcy 
 Barra Aurore ➔ 

 

5. CONCLUSION 
The results show that use of cork, hempcrete and 

wood fibre can significantly improve the thermal 
performance of infill panels for historic timber-frame 
buildings, especially when coupled with lime-hemp 
finishes. Of these, the composite detail of woodwool 
and wood fibre boards would appear the most 
susceptible to moisture accumulation. The digital 
dynamic simulation has suggested that interstitial 
condensation may also be an issue for this retrofit 
detail, however this has as yet not been proven by 
the measured data. 

The increase in moisture content measured at the 
horizontal, and to a lesser extent vertical, junctions 
between infill material and timber frame suggests 
that the use of impermeable sealants should be 
questioned; however, this requires further research. 
The role of experienced workmanship is most 
probably as important as the materials utilised at this 
critical junction, and the need for achieving 
airtightness is still essential for the overall thermal 
performance of the assembly. 

The impact of wind-driven rain occurring as a 
result of storm events, although not anticipated, is a 
key finding of this research. The predicted increase 
in such events created by anthropogenic climate 
change will unfortunately create less favourable 
conditions for these historic buildings with or 
without retrofit. This is true for much of our historic 
built environment but may be more critical for our 
timber heritage. This highlights an important area for 
further research. Funding has recently been received 
for a further two years of monitoring and the authors 
continue to work on pursuing other related 
investigations. 
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ABSTRACT: Windows are responsible for important attributes related to the user’s well-being, such as the 
presence of daylight and view to the outside, with visual and non-visual effects. The circadian cycle can be 
defined as our biological clock, which can be stimulated with the light intensity and less intensely with the 
spectrum. In this context, innovative materials, such as electrochromic glazing and microstructured optical 
components can help maximize daylight in the built environment and at the same time can filter unwanted solar 
radiation, protecting users from glare. From the present studies it is still unclear how the employment of these 
materials on facades affects non-visual effects. Therefore, the aim of the study is to give an overview of the non-
visual effects of these materials on users in non-residential buildings. The method consisted of a literature review 
and its systematization of documents, metrics and available methods to evaluate how the employment of the 
electrochromic glazing and microstructured components can affect non-visual effects. It was concluded that 
these two materials have the potential to balance visual comfort and at the same time provide daylight. Yet it is 
important to extend these studies, particularly to warmer climates. 
KEYWORDS: Light, non-Visual effects, electrochromic glazing; microstructured optical components. 
 
 

1. INTRODUCTION 
Windows, whose main component is the glass, are 

responsible for important attributes related to the 
user’s well-being, such as the presence of natural 
light and view to the outside, with visual and non-
visual effects, related to the circadian cycle [1].   

According to Houser et al. (2021) [2] the human 
centric lighting is the solution for an integrated 
thinking about light and lighting as mediators of 
visual, biological and behavioral responses in humans. 
Some are immediate such as pupil dilation and glare 
perception, while others, such as mood, psychological 
and physiological can be delayed for hours or may not 
be evident for years. The circadian rhythm can be 
defined as our biological clock, which can be 
stimulated with the light intensity and less intensely 
with the spectrum. Design professionals are 
attempting to integrate this knowledge in a manner 
that affects people most directly, and building owners 
look primarily to design professionals for guidance 
about light and health. 

Vetter et al. (2021) [3] summarized the 
physiological effects of light on human health and 
well-being, including a description of the processes 
underlying the photic regulation of the circadian 
rhythm. They concluded that integrative solutions 
that have biologically high potency light during the 
day and low potency during the night is perhaps the 
most immediate improvement to be made in order to 
better support applications for humans. It is also 
important to emphasize that daylight exposure is 
crucial for resetting the circadian clock. 

In this context, innovative materials, such as smart 
windows and light redirection systems can help 
maximize daylight in the built environment and at the 
same time can filter the unwanted solar radiation, 
protecting users from glare [4], [5]. Smart windows 
are those that present the phase change property - 
which, in light of the luminous comfort, is the 
characteristic of controlling the light transmittance 
(LT) [6]. The Daylight Redirecting Systems are defined 
by those which conduct the natural light in an 
efficient way, guiding it deeper and with a more 
uniformity within two times the height of the window 
above the floor, against 1.5 from a conventional 
window [4].  

Costa and Amorim (2021) [7] gave an overview of 
these innovative materials through the discussion of 
31 academic documents including studies in Brazil. 
They verified through a literature review that the 
electrochromic glazing has a wide range to control 
the light transmission – from 60% to 1%. Moreover, 
the use of microstructured optical components allows 
an increased area of natural light due to its deeper 
penetration in the indoor environment. Nevertheless, 
it is important to point out that there are few studies 
about these systems in Brazil. From these studies 
mentioned it is still unclear how the employment of 
these materials on the facades affects the users’ 
circadian rhythm. The investigation of these materials 
focused on the non-visual effects of light is the object 
of an ongoing doctoral thesis.  

The aim of the study is to give an overview of the 
non-visual effects on users in non-residential 

 

buildings. The intention is to understand the metrics 
and calculation methods of the non-visual effects of 
light and how the employment of the electrochromic 
and microstructured optical components can affect 
the circadian lighting. 

 
2. METHOD 

The method consisted of a systematic literature 
review [8]. It consisted of four sets of searches. We 
wanted to know the scientific production of the last 
six years, between 2017 and 2022. The search was 
conducted in Google Scholar, Science Direct and 
Scopus. The first set of searches was carried out to 
reinforce the understanding about the theme. Then, 
the following keywords were inserted: Daylight; non-
visual effects of light; building; cognitive function and 
productivity; metrics. This first set was to understand 
the metrics and calculation methods of the non-visual 
effects of light. These inserted keywords were based 
on the papers of Vetter et al. (2021) [3] and Boubekri 
et al. (2020) [3], [9]. Then the second set of searches 
was carried out with the same keywords as the first 
set, with the addition of the term “innovative 
glazing”. In total, 2,068 results appeared. So in effect, 
a refinement was needed and two more sets of 
searches were carried out.  

In the third set the following keywords were 
inserted: daylight, electrochromic glazing and 
circadian. After that 271 results appeared. In the 
fourth set of search the inserted keywords were 
daylight, microstructured sunlight redirection, 
circadian. This set had 38 results. 

In total, 2,377 results were found corresponding 
to the mentioned keywords of the four sets of 
searches. As a consequence, filters and elimination 
criteria were added to refine the research. The first 
filter was carried out selecting the journals with a 
minimum impact factor, which had to be greater or 
equal to 2 and 0.292, according to Clarivate Analytics 
and Scientific Journal Rankings respectively.1 

Simultaneously with this, the filter option “sort by 
relevance” was chosen, exhibiting the most cited or 
searched documents already on the first pages of the 
databases. The abstracts were read only when the 
title was related to the research’s theme. These filters 
and criteria of elimination significantly reduced the 
number of selected documents, from 2,377 to 37 
documents, as described in Table 1. 

 
Table 1: sets of searches and number of selected documents 

Set  Keywords Results Selected 
documents 

 
1 More details at: 
https://www.scimagojr.com/journalrank.php and 
https://clarivate.com/webofsciencegroup/essays/impact-
factor/ . [8 March 2022]. 

1 

Daylight; non-visual effects 
of light; building; cognitive 
function and productivity, 

metrics 

1,600  17 

2 

Daylight; non-visual effects 
of light; building; cognitive 
function and productivity, 
metrics, innovative glazing 

468 5 

3 Daylight; electrochromic 
glazing; circadian 271 6 

4 
Daylight, microstructured 

sunlight redirection, 
circadian 

38 9 

 Total 2,377 37 
 

The selected papers, which were entirely read, 
followed the criteria defined by Dresch, Lacerda and 
Junior (2015, p. 189) [10] related to the quality of the 
study’s execution, the adequacy to the question and 
the focus of the review as described in Table 2. After 
the evaluation of these three dimensions, articles and 
documents which met the quality criteria “high” and 
“average” were selected for the discussion. 

 
Table 2: Criteria for assessing the quality dimensions of the 
primary studies   

Di
m

en
sio

n Quality of the 
study’s 

execution 

Adequacy to 
the question 

Adequacy to 
the focus of 
the review 

Hi
gh

 

The study 
meets the 
required 

standards for 
the review 

The study 
addresses 
exactly the 

subject of the 
systematic 

review 

The study was 
carried out in 
an identical 
context as 
defined for 
the review 

Av
er

ag
e 

The study has 
gaps in 

relation to the 
standards 

required for 
the review 

The study 
partially 

addresses the 
subject of the 

systematic 
review 

The study was 
carried out in 

a similar 
context as 
defined for 
the review 

Lo
w

 

The study does 
not meet the 

standards 
required for 
the review 

The study only 
touches the 

subject of the 
systematic 

review 

The study was 
carried out in 

a different 
context as 
defined for 
the review  

Source: Adapted from Dresch, Lacerda and Junior, 2015, p. 
192 – 193. 

Then, from the 37 selected documents, 21 were 
entirely read, including 17 articles published in 
academic journals, 1 CIE International Standard, and 
3 reports, which are part of the grey literature from 
IEA (2016; 2021) and LUCAS et al. (2013) [5], [11], 
[12].2 After that, we identified what was the main 

 
2 These reports are part of the grey literature, defined 

by “what is produced in all government levels, academia, 
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contribution of each study and highlighted the gaps – 
non-discussed topics. We chose the articles which 
were entirely related to the description of the metrics 
and quantification of the non-visual effects of light. 
Regarding the innovative glazing materials, 
documents and articles describing the relationship 
between the electrochromic glazing and 
microstructured optical components, and the non-
visual effects of light were picked for discussion. 
 

3. RESULTS 
The intention of the study was to systematize the 

knowledge acquired in the literature review. With 
this in mind, the discussion is based on what was 
found in the selected documents. A growing 
awareness has recently emerged on the health 
benefits of exposure to daylight and views. In this 
regard, windows play an important role in the users’ 
satisfaction and there are useful methods and metrics 
to evaluate the non-visual effects, including the 
circadian stimulus [3]. In section 3.1. an overview of 
the non-visual effects and their quantification is 
described. In section 3.2. the relationship among 
electrochromic glazing, microstructured components 
and non-visual effects of light is discussed. 
 
3.1. Non-visual effects of light and quantification 

The physiological effects of light are mediated by 
the eye in humans. For many years, it was thought 
that there were only two classes of photoreceptors in 
the human eye: cones and rods. Nevertheless, 
another third photoreceptor type was discovered in 
the mammalian eye about two decades ago, from the 
present date. These photoreceptors are called 
ganglion cells and contain a photopigment called 
melanopsin and are intrinsically photosensitive to 
light  [13]. From these moment on, many studies 
were directed to better understand how humans 
physiologically responded to light and how it could be 
measured.  

Recent advances in photobiology have set off 
revolutions among both lighting researchers and the 
lighting industry. The physiological effects of light are 
mediated by the eye in humans. Light entering the 
eye stimulates retinal photoreceptors that convert 
photic information into neuronal signals, which get 
transmitted via ganglion cells to various regions in the 
brain, including the Thalamus and Hypothalamus, 
which regulate our biological clock. In a more detailed 
explanation, the intrinsically photosensitive retinal 
ganglion cells (ipRGCs) transmit environmental light 
information via the retinohypothalamic tract (RHT) to 
the central clock in the brain (SCN, suprachiasmatic 
nuclei). Other direct projections of ipRGCs include 

 
businesses groups and industry, printed or read in digital 
form, but is not controlled by commercial publishers” [8]. 

thalamic and other brain regions. The ipRGCs contain 
a photopigment called melanopsin and it is 
intrinsically photosensitive to light. The physical 
stimulus of our circadian clock is dependent on the 
timing, intensity and duration of the light exposure. 
Moreover, melanopsin is most sensitive to short-
wavelength (blue) light, with a peak response around 
480 nm. The short-wavelength sensitivity of the 
ipRGCs is, at least in part, reflected in the circadian, 
neuroendocrine and neurobehavioral responses to 
light described in humans [2], [3], [14], [15]. 

Figure 1 illustrates the pathways of light from the 
stimulus to the effects in the human body. At the top 
level, the temporal pattern relates the timing and 
duration of exposure to a light stimulus, spatial 
pattern refers to the spatial distribution of light in the 
three-dimensional light field, light spectrum refers to 
the spectral power distribution (SPD) that governs 
color qualities, and light level refers to the quantity of 
light in radiometric or photometric units. These four 
factors contribute to the biological potency of the 
light stimulus. The exact pathway from the light 
stimulus and circadian responses in humans are still 
unclear and under scientific investigation [16]. 

After the pathway was better identified from the 
stimulus in the eye to the physiological human 
responses, methods were developed to quantify non-
visual stimulus of light. There are two to quantify light 
as non-visual stimulus and these are based on [11]: 

1) Spectral response of the photopigments in 
the rods, cones and ipRGCs  

2) The nocturnal suppression of the hormone 
melatonin. 

There are two metrics for the first method, the 
Equivalent Melanopic Lux (EML) introduced by Lucas 
et al. (2013) [12] and the Melanopic Equivalent 
Daylight Illuminance (M-EDI) proposed by CIE (2018) 
[17] and one tool for the second method, the 
circadian stimulus (CS) (REA; FIGUEIRO, 2016) [18]. 

CIE proposed a new quantity, the melanopic 
equivalent daylight illuminance (M-EDI), a new 
quantity that is SI compliant. The M-EDI combine the 
sensitivity of five photoreceptors (S cone, M cone, L 
cone, rhodopsin and melanopsin) with standard 
daylight (D65) (CIE, 2018). To calculate M-EDI the CIE 
has developed the “CIE S 026 α-opic toolbox”, a 
spreadsheet in the Microsoft Excel calculator, and a 
user guide on how to use the toolbox, both available 
in the CIE website [17]. 
 
 
 
 
 

 

Figure 1: Pathways of light and physiological responses in humans. 

 
Source: Adapted from Esposito and Houser (2021) and de Kort and Veitch (2014) [15], [16] 
 

Units of Equivalent Melanopic Lux, EML, can be 
calculated by using the MS Excel workbook 
“Irradiance Toolbox”. The toolbox provides both the 
photopic lux (they should be the same as measured 
by the illuminance meter) and the cyanopic, 
chloropic, erythropic, melanopic, and rhodopic lux, 
the first three corresponding to the three classes of 
cones present in the human retina, the following to 
the iPRGCs, and the final one to the rod 
photoreceptors. In the Lucas toolbox, the measured 
irradiance with a spectrometer is simply copy-pasted 
and the illuminances are calculated. For the 
approximate measurement with illuminance meter, 
the user should type the measured photopic 
illuminance and select the SPD from a pre-set list of 
light sources (e.g. incandescent, daylight, 
narrowband, white LED, etc.) [12]. 

The Circadian Stimulus (CS) can be extracted from 
the CS calculator, that provides a coefficient for 
expressing the extent to which a given light source of 
specific intensity and spectrum elicits circadian 
responses, namely the suppression of melatonin 
secretion. The coefficient ranges from 0 to 0.7, from 
no melatonin suppression (0) to maximal observed 
melatonin suppression (0.7), respectively. The CS 
Calculator is similar to the Lucas toolbox in the way, 
in which relative spectral power values imported 
from a .csv file (describing the spectral distribution of 
the light source) need to be introduced, or in the 
selection of a light source from a list with pre-set 
characteristics [11], [18]. 

The WELL building standard and Underwriters 
Laboratory (UL) recommend design targets for 
circadian lighting design. These standards are based 
on units of EML and Circadian Stimulus (CS). The 
criteria are based on the temporal pattern of light 
exposure (time of day and duration of exposure), light 
level, spectrum, and the location where the light is 
delivered [11], [16]. Table 3 describes the thresholds 
for circadian lighting design. 

The issue to quantify non-visual stimulus (effects) 
of light was solved. On the other hand, it is not clear 
until to-date how the built environment influences 
non-visual effects in humans, particularly the 
configuration of the indoor spaces and the glazing 
materials. Xiao, Cai and Li (2021) conducted a review 
of 27 publications with strong relevance to theme, in 
which factors affecting circadian rhythm, alertness 
and mood were investigated. It was concluded in the 
review that the increase in illuminance and correlated 
colour temperature (CCT) at night were both 
positively associated with melatonin suppression, 
thus affecting the circadian rhythm. Additionally, high 
illuminance was positively correlated with alertness 
during daytime, increasing positive mood in the 
morning and decreasing it in the afternoon [14]. 

Alkhatatbeh and Asadi (2021) reviewed 128 
papers focused on the role of architecture in creating 
circadian effective spaces. New buildings are better 
adapted to do so. However, retrofit projects can 
adapt some architectural and interior design features 
to provide circadian benefits. Easy adjustments to 
spaces increase the indirect component of light and 
boost the circadian system, such as painting surfaces 
with neutral colors, adding highly reflectance finishes, 
and adjusting the luminaires position/direction to 
face highly reflectance surfaces, especially the ceiling. 
Daylight is the best light source to provide circadian 
stimulation and energy efficiency [19]. In this context, 
the electrochromic glazing can also balance visual 
comfort, mitigate discomfort such as glare and 
provide circadian lighting [9], [20]. The following 
section was dedicated to discussing the application of 
the electrochromic glazing in two non-residential 
environments. 
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Table 3: Thresholds for circadian lighting design. 

Standard Temporal pattern Lighting Quality  
Timing of 
exposure 

Duration of 
exposure 

Circadian 
Stimulus 

Equivalent 
Melanopic Lux 

(EML) 

Melanopic equivalent 
daylight illuminance 

(M-EDI - Lux) 

Photopic 
Illuminance 

(Lux) 
Well v 2.0 
Requirement 
for 1 point At least 

between 9 
a.m. and 1 
p.m. Light 

levels must 
be lowered 
after 8 p.m. 

Minimum of 
4 hours 

≥ 0.30 
with 
electric 
light only 

≥150 (if electric 
light only) 
≥120 from 
electric lighting (if 
certain daylight 
criteria are met) 

≥136 with electric light 
only 
≥109 from electric 
lighting (if certain 
daylight criteria are 
met) 

N/A 

Well v. 2.0 
Requirement 
for 3 points 

N/A ≥240 (if electric 
light only) 
≥ 180 from 
electric lighting (if 
certain daylight 
criteria are met) 

≥218 with electric light 
only 
≥163 from electric 
lighting (if certain 
daylight criteria are 
met) 

N/A 

UL 24480 
Through the 

day 
7 am – 4pm 

Minimum of 
2 hours, 
morning if 
not full 
period 

≥ 0.30 Comply with 
WELL criteria 
listed above to 
achieve 1 point or 
3 points 

N/A ≥ 500 

3 hours 
before bed 
5pm –7 pm During full 

period 

≥ 0.20  N/A N/A 

 Nighttime - 
sleep 

After 8pm 

≥ 0.10  N/A N/A 

Note: All measurements are taken from the vertical plane at eye level. Source. Adapted from Ester and Esposito 
(2021) [16]. 
3.2. Electrochromic glazing and microstructured 
components and relationship to non-visual effects 
of light 

Boubekri et al. (2020) explored the impact of 
optimized daylight and views on the sleep and 
cognitive performance of thirty office workers in 
Durham ID Building, in Durham, North Carolina, 
U.S., (35° North/78° West). They spent one week 
working, from Monday to Friday from 8 a.m. to 6 
p.m. in each of the two office environments with 
identical layouts, furnishings, and orientations in 
November; however, one was outfitted with 
electrochromic glazing and the other with 
traditional blinds, producing lighting conditions of 
40.6 and 316 equivalent melanopic lux, 
respectively. Participants slept 37 minutes longer 
and performed better in cognitive performance 
tests when exposed to optimized daylight and views 
during the day, what could be provided by the 
electrochromic glazing [9].  

Saiedlue et al. (2019) carried out computer 
simulations in the software ALFA in a side-lit open 
plan office space located in Minneapolis, United 
States (44° North/93° West). Three glazing systems 
were evaluated: Double glazing and electrochromic 
glazing with two zones and three zones. Findings 
showed that the electrochromic glazing with three 
zones provided the best performance in creating 
the balance among the new metrics (i. e. Equivalent 

Melanopic Lux – EML and Photopic Illuminance on 
vertical plane at eye level) [20]. It is important to 
point out that these two studies considering the use 
of the electrochromic glazing were located in 
temperate climates within the United States with a 
limited time period, from one to seven days in 
November and March. 

No academic paper was found about the 
utilization of microstructured components related 
to the non-visual effects of light. Yet, this system 
has a great potential to increase daylight in indoor 
environments [21]. Jakubowsky and Boer (2022) 
carried out illuminance measurements in two test 
rooms in Stuttgart, Germany (48° N/9° E), one 
equipped with the microstructured components 
and the other with conventional triple-plane glazing 
(reference room). Overall, measurement data were 
collected on 42 measurement days in the period 
from May 31 to September 23, 2018. On average 
over the measurement days, an energy saving of 
58% was achieved compared to the reference 
room. This can be seen very clearly on sunny days. 
Over selected sunny measurement days, the 
average energy consumption for the reference 
room was 2.5 kWh with a relative luminous 
exposure of 13%. In the test room, an energy 
consumption of 1.2 kWh and relative luminous 
exposure of 69% were determined [22].  

 

 

4. CONCLUSION 
Since the discovery of a third photoreceptor in 

the human eye, the ipRGCs, studies were directed 
on improving the understanding of the physiological 
effects of light in humans. From 2013 onwards tools 
and metrics have been developed to quantify non-
visual effects of light in the built environment. It 
was discovered that blue light and high CCT light at 
night induced delayed phase shift, and the objective 
alertness was reduced under the condition of lack 
of blue components. Additionally, high illuminance 
was positively correlated with alertness during 
daytime, increasing positive mood in the morning 
and decreasing it in the afternoon. 

It was pointed out that the electrochromic 
glazing could provide visual comfort and circadian 
lighting in two indoor office spaces. However, the 
evaluation of the electrochromic glazing was only in 
a short period, only one day to a week in temperate 
climates within the United States. The 
microstructured components can help maximize 
daylight, increasing exposure to daylight. However, 
the study mentioned was only conducted in a 
temperate climate, in Stuttgart in Germany without 
considering non-visual effects of light. It is 
important to extend these studies, particularly to 
warmer climates. 
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Performance analysis of side lighting systems in commercial 
buildings in Southern Brazil 
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ABSTRACT: This paper assessed the thermal performance of different types of glass applied on three window-to-wall 
ratios (WWR) in three solar orientations. The simulations were performed in the DesignBuilder software in a 
commercial room considering the subtropical climate. In general, the 60% WWR is the opening that allows higher 
energy savings, when shading devices are used, however, there are some cases that the decrease in cooling demand 
is balanced with the increase in lighting demand.  
KEYWORDS: Window to wall ratio, Natural light, Artificial light, Energy consumption 

 
1. INTRODUCTION  

In commercial buildings, daylight has a great 
importance due to its abundant availability during the 
occupation hours. However, artificial lighting in indoor 
environments is responsible for a large part of energy 
consumption, mainly because such buildings do not 
benefit of the integration of the two illumination 
systems. The amount of reflected natural light and its 
spatial distribution inside the building varies according 
to different device standards. In the case of shading 
devices, the number of pieces, and reflectance 
characteristics of their surfaces can influence the 
lighting performance and the use of daylight in the 
environment [1, 2]. The objective of this paper is to 
analyse the performance of side lighting systems in the 
consumption of electrical energy for air conditioning 
and artificial lighting in an office room located in 
Southern Brazil (characterized as subtropical climate) 
for four types of glass. To achieve the objective 
simulations were performed using the DesignBuilder.  
 
2. METHODS 

The case study is a 33.25m² office room with a 
ceiling height of 2.6 m, (Figure 1). S1 and S2 are the 
artificial light sensors, for daylight a grid at each 50 cm 
was considered. Table 1 shows the physical 
characteristics of the materials and simulation 
parameters [3-5]. The method is based on [5], and the 
simulations were divided into daylight metrics and 
energy consumption for the three window-to-wall 
ratios (WWR) (40%, 50% and 60%), three orientations, 
four types of glass and shading devices.  
 
 
 
 
 

Figure 1: Plan view of the model  

 
Vertical shading devices were adopted for East and 

West orientations, with the difference in the angle of 
the fins, and horizontal for North, based on the solar 
chart from Santa Maria – Brazil (Figure 2). South 
orientation was not considered since this solar 
orientation does not need solar protection. The WWR 
were defined based on the study from [5] and from the 
window dimensions adopted for most commercial 
buildings in the city.  

 
Figure 2: Size of shading devices 

 

 

 
Table 1: Material’s physical properties 

Thermal transmittance (W.m-2.K-1) Walls 2.47 
Ceiling 2.42 

Thermal capacity (kJ.m-2.K-1) Walls 200 
Ceiling 187 

Absorptance Walls 0.65 
Ceiling 0.70 

Power density (W.m-2) 
Lighting 4.74 
Equipment 9.70 
People 8.84 

Air conditioner setpoint (ºC) Cooling  23.5 
Heating 20.5 

Type of glass  U (W.m-2.K-1) g-value VT 
SP 5.82 0.82 0.88 
PN 5.70 0.27 0.13 
GB 5.60 0.58 0.52 
SKN 3.23 0.43 0.76 

 
3. RESULTS 
3.1 Energy consumption 

Figure 3 shows the energy consumption for cooling, 
heating and artificial lighting for 40% WWR. Cooling 
comprehends the higher energy consumption 
compared to lighting and heating, for cases with and 
without shading, as expected. 

Cooling energy increases as the thermal 
transmittance is higher. SP glass shows a consumption 
of 40.92 kWh/m²/year, for east orientation, more than 
two times than the SKN glass, that consumes 19.32 
kWh/m²/year in this orientation. This occurs because 
the SP glass has a U-value of 5.82 W/m²·K whilst SKN 
shows a U-value of 3.23 W/m²·K. When comparing the 
models with shading, this difference reaches only 2.17 
kWh/m²/year, due to the shading that blocks all the 

direct sunrays to the window, so this consumption is to 
keep the inside temperatures programmed by the air 
conditioner, and not supply the heat gains from the 
window. The GB and PN glasses showed intermediate 
consumption compared to SKN and SP glasses, varying 
from 18.45 to 35.26 kWh/m²/year, with and without 
shadings. 

In terms of lighting consumption, the higher the VT, 
the lower the consumption. For heating, the energy 
consumption is considerably low for all cases. This 
occurs because heating is only necessary in a small 
percentage of hours of the year. The higher the visible 
transmittance, the lower the consumption. For 
example, PN glass has a consumption of 12.85 
kWh/²/year for west orientation and 40% WWR, whilst 
SP glass shows consumption almost three times lower.  
In respect of the same models with shading, the energy 
consumption increased to 19.90 kWh/m²/year and 
17.48 kWh/m²/year, respectively, proving again that 
the glasses have higher influence on windows without 
shading devices. 

For heating, the energy consumption is considerably 
low for all cases, compared to cooling. This occurs 
because heating is only necessary in a small percentage 
of hours of the year in the Bioclimatic Zone 2. The 
heating consumption reaches its peak at 0.22 
kWh/m²/year for the west orientation, 40% WWR and 
no use of shading. 

Table 2 shows the variation (increase – positive, 
decrease – negative) of energy consumption between 
the WWR without shading devices. The column 40% to 
50% indicates the decrease or increase of energy 
consumption between the 40% WWR and 50% WWR, 
and the other columns indicates the variation between 
50% WWR and 60% WWR.

 
Figure 3: Energy consumption x Energy consumption with shading 

 
 
Table 2: Percentage of variation in consumption between WWRs without shading devices 

  40% to 50% 50% to 60% 
Typologies Orientations Cooling Artificial Heating Cooling Artificial Heating 
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Lighting Lighting 

PN 

North 4.50% -6.73% -15.17% 4.16% -4.93% -17.07% 
South 0.10% -7.12% -5.11% 1.83% -5.19% -6.15% 
East 0.71% -7.02% -2.98% 4.84% -5.37% -9.82% 
West 2.90% -7.78% -6.36% 15.80% -5.91% -10.68% 

SKN 

North 66.57% -5.11% -83.72% 4.38% -3.11% -28.57% 
South 2.32% -8.74% -18.75% 2.91% -5.71% -61.54% 
East 40.99% -7.02% -22.69% 18.91% -4.72% -30.43% 
West 13.14% -6.95% -25.35% 6.12% -4.04% -14.15% 

GB 

North 37.51% -6.25% -23.81% 8.67% -4.07% -21.88% 
South 4.88% -9.56% -35.00% 5.88% -6.89% -9.09% 
East 19.89% -7.93% -27.27% 23.79% -5.53% -12.50% 
West 9.19% -9.36% -16.40% 6.44% -6.37% -17.09% 

SP 

North 2.45% -4.41% -28.57% 19.81% -2.86% -65.00% 
South 33.42% -7.18% -15.38% 24.74% -4.48% -15.15% 
East 13.83% -6.17% -17.33% 11.85% -4.11% -22.58% 
West 8.69% -5.15% -22.30% 7.72% -3.26% -25.22% 

 
The percentages of increase in energy consumption 

for cooling reach its peak at 66.57%, from the 40% 
WWR to 50% WWR, for north orientation and SKN 
glass. Similar studies had shown parallel results, [6] 
simulated an air-conditioned cell in India, with different 
types of shadings on three WWR (13.33%, 26.67% and 
53.33%) on south orientation. The results indicated that 
for the 53.33% WWR heating and lighting consumption 
decreased by 100% and 10.82% respectively, and 
cooling energy consumption increased 19.82% from the 
first WWR equal to 13.33%. The lower increase is equal 
to 0.10% for the PN glass, south orientation. In terms of 
lighting, the higher decreases in energy consumption 
happen for GB glass, west orientation between the 40% 
WWR and 50% WWR, equal to 9.56% of energy savings. 

 

 
For the heating, the higher savings occurs for the SP 

glass, north orientation between the 50% WWR and 
60% WWR. 

The Table 3 shows the energy consumption 
variation between 40% WWR and 50% WWR, and 50% 
WWR and 60% WWR, for models with shading devices. 

For the models with shading devices, the higher 
increase in energy consumption for cooling occurred in 
the north orientation for the PN glass, by increasing the 
40% WWR to 50% WWR. In respect of the lighting 
consumption decrease, it occurred for the east 
orientation and SP glass, from 40% WWR to 50%. For 
heating, the higher energy savings happened increasing 
the opening from 50% to 60%, in the east orientation, 
with GB glass. 

 
Table 3: Percentage of variation in consumption between WWRs with shading devices 

  40% to 50% 50% to 60% 

Typologies Orientations Cooling Artificial 
Lighting Heating Cooling Artificial 

Lighting Heating 

PN 
North 83.55% -8.14% -9.05% 2.51% -2.18% -7.96% 
East 6.41% -1.63% -10.70% 1.54% -0.16% -9.38% 
West 4.02% -1.01% -2.56% 1.74% -0.20% -10.96% 

SKN 
North 8.59% 1.40% -22.86% 9.26% -5.82% -21.30% 
East 5.28% -8.80% -14.17% 8.40% -1.17% -10.68% 
West 2.90% -6.08% -16.85% 0.81% -1.12% -21.62% 

GB 
North 75.56% -4.76% -4.14% 16.15% -1.22% -18.52% 
East 2.15% -6.77% -8.85% 3.22% -0.72% -24.00% 
West 2.73% -4.17% -10.45% 3.34% -0.78% -0.56% 

SP 
North 25.77% -3.06% -10.14% 55.63% -0.35% -21.05% 
East 5.74% -9.36% -9.15% 6.78% -1.64% -0.67% 
West 3.25% -7.55% -2.63% 3.80% -1.55% -10.27% 

 
 
 

 

3.2 Useful Daylight Illuminance  
The results for UDI levels are shown in Figure 4. In 

relation to PN and GB glass, due to their low Visual 
Transmittance (VT), they showed reduced levels of UDI 
with the presence of shading devices, which leads to 
even less entry of light, when the window is covered, 
around 0% of UDI for 50% and 60% WWR. Some cases 
such as 60% WWR and north orientation presented 
high values of UDI with the use of shading, around 
100% for GB, SP and SKN. Due to the higher solar 
radiation, causing UDI levels to be higher than 2.000 lux 
(outside the useful range), which can cause glare in the 
work-plane. These levels grow when the shading device 
is in use, lowering the range between 100 lux and 2.000 
lux.  

 
 

In relation to the WWR, for PN glass, the UDI value 
grows as the opening increases, thus, from 40% to 50%, 
for example, more daylight is allowed, without causing 
glare, due to the low VT-value, increasing the UDI from 
54.42% to 65.38% for north orientation for example. 

The SKN and SP glasses presented higher UDI levels 
with shading devices, due to higher VT higher ranges of 
illuminance do not cause glare and allow occupied 
hours whose illuminance values are in the useful range. 

In relation to WWR, SKN and SP glasses behave 
contrary to PN and GB glasses, since due to the high VT, 
they already allow considerable daylight inside, by 
increasing the opening and, consequently, causing even 
more light to enter outside the useful range and 
decreasing the level of UDI. 

Figure 4: UDI x UDI with shading 

 
 
3.3 Daylight Autonomy 

For the daylight autonomy analysis, Figure 5 shows 
the results. The percentage of occupied hours of the 
year in which a minimum illuminance value equal to 
500 lux, was reached in the work-plane was lower for 
the models with shading devices than without shading 
devices. This was already expected because the shaded 
window allows less daylight levels. Among the solar 
orientations analyzed, the north presented the highest 
percentages of hours in the year, in which 500 lux have 
been reached in the work-plane, almost 100% for all 
openings SKN and SP glasses and above 50% for GB 
glass. 

In relation to the glazing types, PN was the one that 
presents lower DA levels, since it has lower VT- value, 
reaching its peak at 30.96% for north orientation and 
60% WWR without shading devices. The window-to-
wall ratio remained an influencing factor in the levels of 
DA. The greater the opening, the higher the levels of 
DA, for all glazing types. Figure 6 shows the levels of 
UDI compared to DA levels, without shading devices on 
the windows. Considering the PN and GB glasses, the 

results indicated higher UDI values compared to DA, 
47.88% of UDI for west orientation against 0% DA. This 
is justified by the lower values of visible transmittance 
(VT) of these glasses, which allow lower levels of 
daylight, less than 500 lux, generating UDI in the ranges 
of 100 to 500 lux. In contrast, the DA values are 
reduced because they only consider minimum values 
equal to 500 lux, in the work-plane. 

For the SKN and SP glasses, which have higher 
visible transmittance values than the PN and GB 
glasses, the results indicated DA values higher than UDI, 
for 50% and 60% WWR. Because of the high VT, these 
glasses allow more daylight in the room, thus making it 
possible to reach bands above 2.000 lux, which result in 
lower levels of UDI. However, they provide higher 
percentages of hours of the year, in which at least 500 
lux reaches the work-plane. In the South, East and West 
orientations, for the 40% WWR, the reverse occurs (UDI 
> DA), as they are orientations and opening that allow 
less daylight to enter. 

Figure 7 shows the levels of UDI compared to DA, 
with shading devices on the window. For the models 
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with shading devices, UDI levels were higher than DA 
levels, since shading reduces the entry of daylight, 
causing levels below 500 lux in most of the occupied 
hours. Same conclusions were made from Rocha et al. 
(2020), the authors developed a method for designing 
shading devices based on daylight autonomy and useful 
daylight illuminance considering energy efficiency and 
daylight use for 300 lux. The results shown that the 
higher the DA levels, the lower the results of UDI levels, 
this means that the daylight level at the nearest point 
from the window tends to stay out of the range of 
useful daylight illuminances (300–2000 lux), i.e., 
probably above 2000 lux, when the shading device 
allows greater daylight penetration into the room, 
providing an illuminance of 300 lux at the most distant 
point from the window.  

DA levels were lower for typologies with low visible 
transmittance values, as is the case with PN and GB 

glasses, most cases resulted in 0% for east and west 
orientations, compared to SKN and SP glasses.  
Regarding the solar orientations, the north orientation 
presented the highest results for both DA and UDI, 
above 50% for all cases, and some reaching up to 100%, 
since in this orientation the shading is only horizontal, 
which allows it to obtain higher levels of illuminance, 
caused by solar reflections, considering that the east 
and west orientations do not allow direct sunlight. 

Regarding the WWR, larger openings presented 
higher levels of UDI and DA, for example the 60% WWR 
for PN glass and north orientation resulted in an UDI 
level equal to 39.42%, almost 8% higher than the 50% 
WWR, and 15% higher than the 40% WWR. This occurs 
because the shading prevents the entry of sunlight in 
the bands above 2000 lux. 

 
 

 
Figure 5: DA x DA with shading 

 
 
Figure 6: UDI x DA levels 

 
 

 

 
Figure 7: UDI x DA levels for models with shading 

 
 
4. CONCLUSION 

The results previously shown are valid for a specific 
context that includes an air-conditioned cell about 32.5 
m², located at a warm and temperate climate, in 
bioclimatic zone 2. Also, it must be noticed that these 
conditions include the air conditioner set points for 
heating and cooling that influence on the energy 
consumption results. Other considerations are related 
to the physical characteristics of glazing, such as visible 
transmittance, g-value and U-value, the thermal 
transmittance of the façade, the shading dimensions, 
the radiation levels of this location, among others that 
contextualize this study. The results point out 
important relations between the glazing visual 
transmittance and daylight levels and energy 
consumption. In this sense, the definition of the glazing 
typology should consider not only the orientation, but 
window-to-wall ratio. Environments with openings 
aimed at orientations in which direct sunlight comes in 
at some time of the day showed a stronger need for 
shading devices, especially if the glazing presents higher 
visible transmittance. The research was limited to 
studying the relationship between the integration of 
artificial and natural light with cooling and heating 
demand, without delving into the form of calculation or 
the reference values of the indices. In terms of UDI 
levels, the shading devices increase the levels on 
typologies that have higher VT, keeping the daylight 
levels on the useful band. The opposite occurs for 
typologies with lower VT, in these cases, the UDI levels 
are lower with the use of shading.  The north 
orientation allows the higher UDI levels, since for this 
orientation the shading devices are horizontal, allowing 
the entry of reflected sunrays. This is not the case for 
east and west orientation, since the shadings are 
vertical, covering all the direct sunlight.  

The higher total energy consumption savings 
rotated between models without and with shading 
devices. In general, the 60% WWR is the opening that 
allows higher energy savings, when shading devices are 
used, however, there are some cases that the decrease 
in cooling demand is balanced with the increase in 
lighting demand, showing that individual analysis must 
be done in each case. 

For future works, distinct spaces should be studied, 
including deeper or broader rooms, since the daylight 
behave differently in unsimilar interior spaces. 
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ABSTRACT: Green facades are vertical gardens composed of climber species and can be direct, when the 
vegetation grows directly on the building surface, or indirect, when the vegetation grows through a support 
structure fixed in the building surface. They are bioclimatic strategies that can promote the thermal mitigation of 
the built spaces and improve the thermal performance of the buildings due to four mechanisms: shading, 
evaporative cooling, thermal insulation, and wind barrier. This work presents an experimental study that 
quantified the incident solar radiation attenuation and the Shading Potential (SP) of the indirect green facades, 
composed by three modules of different climber species (Passiflora edulis, Ipomoea horsfalliae and Thunbergia 
grandiflora). To make this possible, this work developed monitoring campaigns of incident and protected solar 
radiation in cold and hot weather conditions for the green facades. The results presented the better performance 
of Ipomoea horsfalliae, that showed a SP of 0,89, classified as “great”, and attenuation values that varied 
between 90 and 100% during almost the monitoring campaign. These results highlight the importance of the 
green facades for the buildings and its application in transitional spaces, which can contribute to the thermal 
and comfort conditions mitigation in hot weather locations.    
KEYWORDS: Green facades, Shading Potential, Solar radiation attenuation, Transitional spaces. 
 
 

1. INTRODUCTION 
Green facades are types of vertical gardens 

composed of climber species, which grow and 
develop vertically (5). Divided in two types, the 
green facades might be direct, when the vegetation 
grows directly on the building surface, or indirect, 
when the vegetation grows through a support 
structure fixed in the building surface or in a built 
element (3, 5, 10). The climber specie can be 
planted in a planter box or directly in the soil and it 
is common that exists an empty space between the 
green infrastructure and the building, which is 
called as air cavity.  

The choice of suitable types of structure and 
plant species are important factors for the success 
of the indirect green facades. There are a lot of 
options for the structure, but the most used types 
are the modular trellis, cable systems and meshes 
(8). This process of choosing the structure must 
consider some aspects such as costs, possible 
environment impacts caused and the materials 
dimensions.  

For the process of choosing the plant species, it 
is important to considerer some physiological and 
morphological aspects, the type of structure 
selected for the green facade and the climatic 
conditions of the local of implantation (8, 9). In 
addition, it is important to consider that the right 

choice of the plant species it is a determining factor 
for the good consolidation of plant cover. 

Green facades are bioclimatic strategies and, 
when well designed, can promote the thermal 
mitigation of the built environment and improve 
the thermal performance of the buildings. This 
occurs due to four mechanisms: shading, 
evaporative cooling, thermal insulation and wind 
barrier (1, 7), which contribute to reduce the heat 
gain of the building and of its internal spaces (6).  

The shading and insulation mechanisms are 
related to the plant coverage, which means that the 
greatest the plant coverage, the lower the amount 
of radiation that directly hits the building surface (3, 
14). In addition, the air cavity effect, which create 
an insulation layer between the building and the 
green façade must be consider.   

The evaporative cooling is related to a 
physiological function of the plants: the 
evapotranspiration. In this natural process, the 
sensible heat is consumed through the leaves and 
leads to the evaporation of water present in the soil 
and in the leaves occur, which causes an increase of 
the air humidity nearby (12). The wind barrier 
effect, in turn, makes it possible the heat flux 
decrease between external and internal 
environments of the buildings (13). 

Those aspects and its results are shown on 
previous scientific works. In an experimental work 

 

carried out in Malaysia, it was recorded an air 
humidity increase nearby and decreases of 6,5 ˚C 
and 3 ˚C degrees for the air temperature inside the 
air cavity and the experiment, respectively, during 
the day, and 5,5 ˚C and 3,5 ˚C degrees during the 
night (9).  

For an experiment carried out in the United 
Kingdom, in cold conditions and with snowfall, the 
vegetation promoted the test-cell insulation and its 
wind protection, which resulted in a difference of 3 
˚C higher between internal and external 
temperatures of vegetated and non-vegetated test-
cells (2). During periods of frozen temperatures and 
heavy rain and wind, the vegetated test-cells 
showed from 39 % to 42 % more energy efficiency.  

In this context, this work presents an 
experimental study that quantified the incident 
solar radiation attenuation and the Shading 
Potential (SP) of the indirect green facades, 
composed by three different climber species.  
 
2. MATERIALS AND METHODS 

The experimental study consisted in the 
construction of three modules of indirect green 
facades located in a West orientation of a 
transitional space, of a university campus of Bauru, 
city of the São Paulo State, Brazil. The local climate 
is Cfa (humid subtropical), based on Köppen 
classification. In each module, composed by a fibre 
glass planter box (1,00 x 0,50 x 0,60 m) and a 
bamboo modular trellis to support and guides the 
vertical growth (Fig. 1), was planted a climber 
specie (Passiflora edulis, Ipomoea horsfalliae 
Thunbergia grandiflora). 
 
Figure 1:  
The green facades and its three climber species. 

 
 

The monitoring campaign was started one year 
after the planting and aimed to identify the solar 
attenuation of each green façade. Thus, five 
measure points were located on each external and 
internal surfaces of the green facades as shows the 
Figure 2. The results allowed to calculate the solar 
radiation attenuation for each point and the mean 

values as well. For this, an equipment Instrutherm 
MES-100 (scale: 2000 W/m², resolution: 1W/m², 
precision: typically, ±10W/m²) were used for 
measuring the radiation, with measure every half 
hour in the afternoon. The campaign last for six 
days (three in hot weather conditions and three in 
cold conditions of 2018).  

 
Figure 2:  
Internal and external surfaces of green facades and its 
five points of radiation monitoring. 

 
 

The shading potential (SP) of climber species 
(empirical parameter developed in this research),  
in each monitoring campaign, was calculated from 
arithmetic average of four factors (Table 1): VCF - 
Vegetal coverage factor; FTF – Foliage thickness 
factor; LSF – Leaves size factor; LSPF – Leaves 
spacing factor. The SP results vary between 0 and 1 
and were classified in the following value scale: 
terrible (0 – 0,2), bad (0,21 – 0,4), regular (0,41 – 
0,6), good (0,61 – 0,8) and great (0,81 – 1). A great 
SP means that this green façade can block, at least, 
81% of the total incident radiation. 

The calculation for the VCF factor was made 
from the Vegetal Coverage Proportion (VCP) in each 
modular trellis, which was based on previous works 
(4, 11). First, a picture of each green façade module 
was taken. Then, all the green coverage was 
vectorized in the software AutoCad®, the 
proportion between the total area of the modular 
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trellis and the vegetal coverage were calculated 
(VCP) and the results were transformed into a 
factor (VCF), which vary between 0 and 1 (Fig. 3) 
 
Table 1:  
The values for the SP factors. 
 
Factors Values 

VCF 0 – 1 – vary between 0 and 100% of vegetal 
coverage 

FTF 0,3 - T <45cm; 0,7 – 46<T>90; 1 – T >91cm 
LSF 0,3 – S>5cm; 0,7 – 5<S>15cm; 1 – S>15cm 
LSPF 0,3 – SP >10cm; 0,7 – 5<SP>10cm; 1 – SP<5cm   
 
Figure 3:  
The process for calculating VCP and VCF. 

 
 
3. RESULTS AND DISCUSSION 

The results showed the shading potential and 
the solar radiation attenuation for the three indirect 
green façades composed by different climber 
species. The campaigns were realized in August 26th 
and 27th and September 6th (for the cold weather 
conditions) and December 12nd, 13th and 14th (for 
the hot weather conditions). 
 
3.1 Solar radiation attenuation and shading 
potential in cold weather conditions 

In comparison with the other measure points, 
the P3 point showed, for the three green facades, 
higher vegetal coverage proportion and foliage 
thickness, and the lowest values for the space 
between the leaves. In this point, the vegetal 
coverage was more uniform and denser than at the 
other points. These details and the SP factors for 
this campaign can be observed in the Fig. 4 and 
Table 2.   

Although it presented an VCF of 0,7 and the 
highest LSF among all species, Passiflora edulis 
presented spaced and distant leaves and the lowest 
LSPF, consequently. These characteristics 
contributed to reduce the solar radiation 
attenuation. The results for the mean solar 

radiation attenuation for each species and points 
can be observed in Table 3. 

 
Figure 4:  
Plant coverage details and its monitoring points. 

 
 
Table 2:  
The factors for SP in cold conditions. 
 

Climber 
Species 

Passiflora 
edulis 

Ipomoea 
horsfalliae 

Thunbergia 
grandiflora 

VCF 0,7 0,82 0,52 
FTF 0,7 0,7 0,7 
LSF 1 0,7 0,7 
LSPF 0,3 1 0,7 

 
Table 3:  
Results for the mean values of solar radiation attenuation 
(%). 
 
Climber 
Species 

Passiflora 
edulis 

Ipomoea 
horsfalliae  

Thunbergia 
grandiflora 

P1 85 86 55 
P2 74 77 53 
P3 81 88 86 
P4 65 78 71 
P5 64 73  37  
 

For Passiflora edulis climber, the point P1 
showed the best mean of attenuation, and P5 the 
worst. For Ipomoea horsfalliae and Thunbergia 
grandiflora, P3 and P5 showed the best and worst 
mean values for the attenuation, respectively. 
These results are related to the plant coverage and 
the sun position, since P3 was the central point, 
where the vegetation presented more uniform and 
denser coverage, and P5 was the bottom point, 
where the plant coverage was sparse. Specially for 
the Passiflora edulis, the greater attenuation mean 
value at P1 is due to its location on the top of the 
trellis being less susceptible to solar radiation in 
that monitoring campaign. 

 In comparison, the point P3 showed the higher 
and more constant mean values for this parameter 
for the three species, which is due to a denser and 
more uniform plan coverage at this point, which 

 

leads to a greater shading capacity. Even though 
Passiflora edulis climber presented a good mean 
value for its P3 point, the space between tis leaves 
allowed greater passage of radiation. This relation 
and the solar radiation attenuation at the central 
points of all species can be observed in Fig. 5. 

 
Figure 5:  
Solar radiation attenuation in cold conditions at the 
central points. 

 
 
For the other points (P1, P2, P4 and P5), all the 

species presented very varied results for the 
attenuation parameter during this monitoring 
campaign. This is due to variations in the plant 
coverage or, as the case of Thunbergia grandiflora 
P1, P2 and P5, to a lack of foliage. The Ipomoea 
horsfalliae, in turn, presented the greatest values 
when compared to the other species, followed by 
Passiflora edulis and Thunbergia grandiflora, 
respectively.  

It is important to highlight, that at the 
Thunbergia grandiflora P3 point, the attenuation 
was higher than at the same Passiflora edulis point, 
which presented more leaves spacing and less 
uniform and sparse plant coverage. Nevertheless, 
when all five points were considered, Passiflora 
edulis climber presented better performance than 
Thunbergia grandiflora. 

In this context and considering all parameters, 
during this campaign the climber species presented 
SP values from 0,65 to 0,81 (Table 4).  Passiflora 
edulis and Thunbergia grandiflora SP were both 
classified as “good” (0,61 – 0,8) and the Ipomoea 
horsfalliae as “great” (0,81 – 1). 

 
Table 4:  
The SP in cold weather conditions. 
 
Climber 
Species 

Passiflora 
edulis 

Ipomoea 
horsfalliae 

Thunbergia 
grandiflora 

SP 0,68  0,81  0,65  

 
3.2 Solar radiation attenuation and shading 
potential in hot weather conditions 

In this campaign it was possible to observe the 
same plant coverage pattern for the three green 
facades central points in relation to the cold 
weather conditions: In this way, its foliage was 
more uniform and denser at these points, which 
leads to a higher vegetal coverage proportion and 
foliage thickness, and the lowest values for the 
space between the leaves. These details and the SP 
factors can be observed in Fig. 6 and Table 5. 

 
Figure 6:  
Plant coverage details and its monitoring points. 

 
 
Table 5:  
The factors for SP in hot conditions. 
 

Climber 
Species 

Passiflora 
edulis 

Ipomoea 
horsfalliae 

Thunbergia 
grandiflora 

VCF 0,72 0,88 0,6 
FTF 1 1 0,3 
LSF 1 0,7 0,7 
LSPF 0,3 1 0,7 

 
It is important to inform that during this 

campaign all the three green facades presented 
higher VCPs that contribute to higher VCFs, than in 
the cold weather conditions campaign. Even when 
the external surface temperature registered for the 
green facades reach the highest values, its solar 
radiation attenuation was all over 80%. In these 
moments, were registered 80,4%, 90,6% and 85,4% 
for the Thunbergia grandiflora, Ipomoea horsfalliae 
and Passiflora edulis, respectively. Nevertheless, 
Nevertheless, the points P4 and P5 of the   
Passiflora edulis and Thunbergia grandiflora 
climbers presented flaws in its plant coverage.  

Although Passiflora edulis presented an VCF of 
0,72 and maximum FTF and LSF, the space between 
its leaves contributes to the lowest LSPF, 
consequently, which causes the decrease of plant 
coverage shading capacity and affects the solar 
radiation attenuation. The results for the mean 
solar radiation attenuation for each species and 
points can be observed in Table 6. 
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Table 6:  
Results for the mean values of solar radiation attenuation 
(%). 
 
Climber 
Species 

Passiflora 
edulis 

Ipomoea 
horsfalliae  

Thunbergia 
grandiflora 

P1 91 93 90 
P2 92 92 88 
P3 92 94 89 
P4 74 85 64 
P5 76 76   67 
 

For Passiflora edulis climber, the greatest and 
worst results of attenuation were registered for the 
points P2 and P3 and P4. For Ipomoea horsfalliae 
these results were registered for P3 and P5, and for 
Thunbergia grandiflora in P1 and P4. All these 
results are related with the plant coverage, since P3 
were the point where the plant coverage was more 
uniform and denser, while P5 and P4 presented 
flaws. For the Thunbergia grandiflora, P1 presented 
more uniform and denser plant coverage, which 
caused the higher attenuation capacity among its 
five measure points. 

The comparative analysis between all points 
shows that P3 presented the highest results, even 
for Thunbergia grandiflora, which showed an 
irrelevant difference between this point and P3. In 
addition, Passiflora edulis and Thunbergia 
grandiflora presented oscillations for its central 
points results due to the sun position. This relation 
and performance of the three green facades central 
points can be observed in Fig. 7. 

 
Figure 7:  
Solar radiation attenuation in hot conditions at the 
central points. 

 
 

To the other points (P1, P2, P4 and P5), 
Passiflora edulis and Ipomoea horsfalliae climbing 
plants presented uniform results for all these 
points, except for the P5, which showed more 
variations for its results. Thunbergia grandiflora 
showed the same tendency, but also presented 
flaws at the P4 and, because of this, presented 
some oscillations.  

As for the cold weather conditions monitoring 
campaign, Ipomoea horsfalliae climber presented 
the greatest values when compared to the other 
species, followed by Passiflora edulis and 
Thunbergia grandiflora, respectively.  

It is interesting to clarify that those valleys for 
Ipomoea horsfalliae and Thunbergia grandiflora 
solar radiation attenuation at 6 p.m. were caused 
by the combination between sun position and the 
leaves sizes, which allowed the incidence of 
radiation in the transitional space. For Passiflora 
edulis, this situation was different due to its leaves 
size, which were bigger than the other two species 
and could blocked more incident radiation. In this 
context and considering all parameters, during this 
campaign the climber species presented SP values 
from 0,57 to 0,89 (Table 7).   
 
Table 7:  
The SP in hot weather conditions. 
 

Climber 
Species 

Passiflora 
edulis 

Ipomoea 
horsfalliae 

Thunbergia 
grandiflora 

SP 0,75  0,89  0,57 

 
In this campaign, the results for SP were 

“regular” (0,41 – 0,61) for Thumbergia grandiflora, 
“good” for Passiflora edulis (0,61 – 0,8) and “great” 
for Ipomoea horsfalliae (0,81 – 1). It is possible to 
verify the same results tendency in cold conditions, 
whose SP of Ipomoea horsfalliae also presented 
better performance. This SP results and specific 
physical characteristics of each specie become even 
more clear and significant when the radiation 
attenuation results are analyzed for the hot 
conditions. 
 
4. CONCLUSION 

The Shading Potential analysis of indirect green 
facades, composed of three different climber 
species, evidences the Ipomoea horsfalliae better 
performance, which showed a “great” SP (0,81 – 1), 
and solar radiation attenuation of, roughly, 90% in 
different weather conditions (hot and cold). It is 
important to discuss yet the influence of the 
physical characteristics of the vegetation since 
those modules center points analyzed presented 
more denser and uniform foliage and vegetal 
coverage and, for this, they got a better shading 
effect. Thus, its application in green facades in 
transitional spaces, as balconies, can contribute to 
reduce the temperature and improve the thermal 
comfort conditions in hot weather locations.   
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ABSTRACT: The “Architectural Award Building-Integrated Solar Technology“ was first awarded in 2000. The aim 
of this prize is to make exemplary solutions at the interface between architecture and solar energy accessible to 
a broad public. Since then, eight competitions have been held, with around 40 prize winners and almost 600 
projects submitted from all over the world. The competition entries demonstrate the great potential of 
coherently integrated solar technology as part of ambitious architectural and energy building concepts. In this 
article, examples from the competitions are used to illustrate continuous further developments and, above all, 
design innovations in the field of solar façades (with a focus on photovoltaics). 
KEYWORDS: Building-Integrated Photovoltaics (BIPV), Solar Façades, Solar Buildings, Solar Architecture 
 
 

1. ABOUT THE COMPETITIONS 
The use of solar energy in and on buildings is a 

central aspect of energy-efficient construction – for 
homes, industrial and administrative buildings as 
well as residential complexes. The Solarenergie-
förderverein Bayern (Bavarian Association for the 
Promotion of Solar Energy – SeV) has held eight 
competitions on the topic of “Building-Integrated 
Solar Technology“ since 2000, with around 40 prize 
winners. The aim of the competitions is to make 
exemplary solutions in qualitatively demanding 
architecture accessible to a broad public. In the 
years between 2000 and 2005, only a little more 
than a dozen entries from Bavaria and Germany 
were represented in each case. After the opening 
for European and worldwide submissions, a 
continuous increase in the number of participants 
can be observed [1].  

The example of the competition activities of 
SeV, founded in 1997, can be used to show the 
increasing broad impact and establishment of the 
topic in the following decades. What are the 
continuities in the field of building-integrated solar 
technology and how have construction and, in 
particular, design strategies changed over the past 
20 years? An essential feature of the “Architectural 
Award“ is that only buildings in which the collector 
surface and/or the PV generator form a design-
determining element of the building envelope are 
awarded. In the following, the focus is on solar 
façades (with an emphasis on photovoltaics), as 
some particularly striking developments can be 
identified here. 

2. SOLAR ROOFS 
Over the period of 20 years, it is noticeable that, 

in particular for PV roofs, a broad standard of 
exemplary solutions can indeed now be found both 
in excellent projects and in everyday architecture 
[2]. As a rule, standard modules are chosen for on-
roof or roof-integrated systems, and only for one- 
and two-family houses are special products such as 
solar tiles or specially shaped modules sometimes 
used for roof integration. Very often, solar systems 
cover the entire roof surface, oriented to the south 
on a flat sloped roof facing south and north or as a 
prismatic structured building envelope.  

Even rather simple solutions can be exemplary 
models. The modular plus-energy building power- 
HYDE (2019) by billionBricks with Architecture BRIO 
from Mumbai/IN convinces despite all pragmatism 
as an extremely sensible contribution to sustainable 
mass housing on the Indian subcontinent (Fig. 1).  
 
Figure 1:  
powerHYDE, Aurangabad (Architecture BRIO; ph. PHX-
India/Sebastian Zachariah) 

 

 

Figure 2:  
Convention Center, León (Dominique Perrault Architecte; 
ph. JMC Berlanga) 

 
 
In terms of concept and design of large solar 

roofs, two projects stand out. At the Convention 
Center in León/ES (2018), Dominique Perrault 
Architecte succeeds in forming a multifaceted, 
large-scale energy roof on a flat-pitched roof nearly 
300 meters long (Fig. 2). At the Energy Academy 
Europe in Groningen/NL (2017), Broekbakema and 
De Unie Architecten opted for a dense arrangement 
of highformat PV modules. On an elongated 
triangular format, six modules are placed against 
each other in two rows. This is not only intended to 
increase solar power production, but also to create 
a fascinatingly multifaceted three-dimensional solar 
roof (Fig. 3). 

 
Figure 3:  
Energy Academy Europe, Groningen (Broekbakema; ph. 
Ronald Zijlstra) 

 
 
Large-scale roofing is also becoming increasingly 
important in the field of roof systems, especially in 
combination with electromobility. An early example 
is the bus station (1995) in Bad Wörishofen/DE. On 
an elegant steel structure, GS Schneider Architekten 
use semi-transparent PV modules in the southern 
surfaces of the roof structure. For the roofing of the 
carport of the waste management office (2011) in 
Munich/DE, Ackermann Architekten choose an 
innovative approach with bendable modules and 
foil cushions as a multifunctional roof: weather pro- 

Figure 4:  
Carport of the waste management corporation of Munich, 
(Ackermann Architekten) 

 
 
tection, use of daylight and power generation (Fig. 
4). In contrast, Clayton Korte Architects are 
planning a filigree energy roof for the Saxum 
Winery (2018) in Paso Robles/US. It is an excellent 
example of agricultural construction that combines 
aspects such as minimal material use and 
deconstructability with aesthetic appeal. In an 
urban context, at the McDonald's Flagship Store – 
Disney (2020) in Kissimmee/US by Ross Barney 
Architects, the semi-transparent butterfly roof 
functions as weather protection on both ridge sides. 
 
Figure 5:  
opusHouse, Darmstadt (opus Architekten; ph. Eibe 
Sönnecken) 

 
 
The topic of building in the existing fabric still 

poses a certain challenge, especially when the 
requirements of historic preservation have to be 
taken into account. Over the years, numerous 
awardwinning competition entries have shown 
exemplary, almost self-evident implementations 
and demonstrate that solutions are available. In 
Darmstadt/DE, Opus Architekten are implementing 
a combined system with more conventional solar 
thermal collectors and photovoltaic modules in a 
historic ensemble (Fig. 5). In the renovation of the 
Pajol Hall (2013) in Paris/FR, which was slated for 
demolition, Jourda Architectes used the existing 
steel structure as weather protection for the four-
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story wooden building and as an energy roof (PV 
modules and solar collectors) for a neighborhood 
with offices, stores, and a youth hostel and library. 
In contrast, the Bernese architectural firm Halle 58 
is using red PV modules in the renovation of the 
historic Weiherguet farmhouse (2019) in 
Wabern/CH. 
 
 
3. SOLAR FAÇADES 

In cities in particular, especially in dense 
structures, the possibilities for use in the area of 
facades are often severely limited by construction. 
Nevertheless, there are a number of reasons to deal 
with the solar activation of façades as well. For 
example, if the roof areas of multi-storey buildings 
are disadvantageously oriented, are too small in 
total, or are problematically cut. And last but not 
least, solar technology also expands the design 
repertoire and can become a symbolic sign for the 
use of renewable energies, especially in the façade 
[3]. This is exemplified by the Aktiv-Stadthaus 
(2015) in Frankfurt/DE by HHS Planer + Architekten. 
An outstanding project with pilot character in an 
inner-city environment. The architects succeeded in 
realizing an 8-story apartment building with 74 
residential units as a PlusEnergy building on a 160 m 
long and only 9 m deep site under difficult urban 
planning boundary conditions (Fig. 6). 
 
Figure 6:  
Aktiv-Stadthaus, Frankfurt/Main (HHS Planer + Architek-
ten; ph. Constantin Meyer) 

 
 
In terms of construction, the dominant design is 

that of curtain-type, rear-ventilated façades. For 
example, in the almost 50 m high structure of the 
headquarters of the Holz-Berufsgenossenschaft 
(1999) in Munich/DE by PMP Architekten, poly-
crystalline PV modules are arranged in a cold façade 
in a narrow vertical strip. In contrast, the ökotec 
building (1993) in Berlin/DE combines natural stone 
cladding with glass modules in the façade. In 
addition to the visible fastening, it is noticeable that 
the modules are formed at that time with still 
emphasized horizontal PV cell strips. 

Figure 7:  
Paul-Horn-Arena, Tübingen (Allmann Sattler Wappner; 
ph. SunTechnics) 

 
 
The Paul Horn Arena in Tübingen/DE (2004) 

shows an unusual implementation for the early 
2000s in terms of surface size and detailing. 
Allmann Sattler Wappner designed the entire south 
façade with vertical modules with green 
polycrystalline PV cells in four different sizes. A 
white edge, pronounced by the foil laminate on the 
back, structures each module and the overall 
appearance of the façade. Here, the visibly applied 
photovoltaics also perform an important role as a 
communicator for renewable energy (Fig. 7). 

As part of the renovation of two nine-story 
apartment buildings (2001) in Freiburg/DE, 
architects Rolf + Hotz used the closed south façade 
for a building-high PV system. The glass/glass 
modules, arranged in landscape format, are 
attached to the aluminium substructure on the long 
side with visible black clamping profiles. The project 
shows very conclusively how PV façades can be 
implemented in an exemplary manner, both 
technically and in terms of design, even in the case 
of renovations (Fig. 8). 

 
Figure 8:  
Apartment buildings, Freiburg (Rolf + Hotz Architekten) 

 
 

From 2010, a change begins to take place. 
Architects are increasingly seeking to reduce the PV 
cell in the total area of the module. An example of 
this can be seen in the children's daycare center 

 

(2014) in Marburg/DE by opus Architekten. Here, in 
the southwest façade, the monocrystalline cells 
recede in favour of a uniform surface effect; from a 
distance and even in close-up, a perfectly detailed 
glass façade is revealed. A homogeneous surface 
effect is created, which is an elegant and efficient 
alternative to natural stone and metal façades (Fig 
9). 

 
Figure 9:  
Children’s daycare center, Marburg (opus Architekten; ph. 
Eibe Sönnecken) 

 
 
In the Grosspeter Tower (2017) in Basel/CH by 

Burckhardt+Partner, the façade is characterized all 
around by a clear grid structure with openings that 
become wider towards the top. The opaque façade 
surfaces consist of CIGS modules. With around 450 
different façade panels, the result is a 
homogeneous surface effect that represents an 
elegant and efficient alternative to natural stone 
and metal façades (Fig. 10). 
 
Figure 10:  
Grosspeter Tower, Basel (Burckhardt+Partner) 

 
 
However, architects are not the only ones to 

express increasing criticism of these dark, 
anthracite coloured PV modules. In recent years, 
solutions in other colours have been made possible 
by printed or coated modules, sometimes in 
combination with special glass. Beat Kämpfen uses 
PV modules with multicolor printing on the 
apartment building (2018) in Zurich/CH, giving the 

façade a reddish-brown appearance. In the Solaris 
residential building (2017), also in Zurich/CH by 
huggenbergerfries Architekten, all opaque surfaces 
are covered with monocrystalline modules and 
prismatic colored front glass despite the complex 
geometry of the building. The architects' goal was a 
“solar house that should not necessarily be 
recognizable as such“ (Fig. 11).  

 
Figure 11:  
Solaris, Zurich (huggenbergerfries Architekten; ph. Beat 
Bühler) 

 
 
In addition to color, important issues in façade 

cladding are always module dimensions or 
proportions and fastenings. While non-visible 
fastenings are now generally preferred, two 
projects show convincing solutions with visible 
profiles and hooks.  

Narrow PV louvers are arranged in front of the 
glazed access area at the Oskar von Miller Forum in 
Munich/DE (2009). The frameless glass/glass 
modules are each held in place by linear profiles on 
the long sides. René Schmid Architekten choose a 
rather small module size for the “multi-family house 
with energy future“ (2017) in Zurich/CH, with scaled 
arrangement on visible stainless steel hooks. 

  
Figure 12:  
Copenhagen International School (C.F. Møller Architects; 
ph. Adam Mørk) 

 
 
At the International School Nordhavn (2017) in 

Copenhagen/DK by C.F. Møller Architects, the PV 
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modules are mounted in metal cassettes at 
different angles, so that the façade changes color 
depending on the sunlight and the viewing angle, 
even though the modules are all the same color. In 
these projects, a few variations, both functional and 
constructive, within a clear overall structural 
concept, produce striking solutions (Fig. 12). 

So far, no such variance can be observed in 
warm façades. The basic strategies of how 
crystalline cells can be used as parts of a mullion-
transom construction are already shown by early 
examples from the SeV competitions. PV is used 
almost as a matter of course in insulating glazing 
and often serves as semi-transparent solar shading, 
as in the double façade of the Bane Nor office 
building (2020) in Oslo/NO by LPO Arkitekter. 
Simone Giostra & Partners expand the energy 
façade into a media façade at the Greenpix – Zero 
Energy Media Wall (2008) in Beijing/CN. The 
occupancy density of the PV cells varies; in addition, 
some panels are slightly pivoted out of the surface, 
giving the façade a diverse structure that attracts 
attention even during the day. 

 
Figure 13:  
SwissTech Convention Center, Lausanne (Richter Dahl 
Rocha & Associés) 

 
 

In contrast, dye cells and organic photovoltaics 
open up different kinds of designs. Richter Dahl 
Rocha & Associés used dye-sensitized solar cells in 
this dimension for the first time worldwide at the 
SwissTech Convention Center (2012) in 
Lausanne/CH. In the west façade, glass/glass 
modules with dye cells in different shades of yellow, 
green and red are arranged storey-high in front of 
the glass façade in narrow strips. These not only act 
as sunshades, but also create charming lighting 
moods in the foyer (Fig 13). 

An exception is the use of photovoltaics as 
(movable) sun protection, even though there are 
instructive precursors in which PV becomes an 
important design-defining element. In the Sino-
Italian Ecological and Energy Efficient Building 
(2006) in Beijing/CN by Mario Cucinella Architects, 
floor-to-ceiling cantilevered PV louvers serve as 

shading for the roof terraces (Fig. 14). In contrast, 
Renzo Piano Building Workshop's glass façade of 
the Tribunal de Grande Instance (2017) in Paris/FR 
uses upwardly staggered linear structures of varying 
lengths as solar shading (Fig. 15). 

 
Figure 14:  
Sino-Italian Ecological and Energy Efficient Building, 
Beijing (Mario Cucinella Architects; ph. Daniele 
Domenicali) 

  
Figure 15:  
Tribunal de Grande Instance, Paris (RPBW; ph. Maxime 
Laurent) 

 
 
As early as 2000, the Nikolaus Fiebiger Center of 

the Friedrich Alexander University in Erlangen/DE 
(Erlangen University Construction Office, Christof 
Präg) features horizontal, single-axis tracking PV 
glass louvers in the façade. In doing so, the 
photovoltaic system blends in with the technical 
aesthetics of the research building in an exemplary 
manner. Current examples include the Hutter 
apartment building (2019) by Vera Gloor in 
Küsnacht/CH, with frameless PV modules as 
horizontal sliding shutters in front of a red wooden 
façade, and the extension of the traffic 
commissioner's office (2017) in Kißlegg/DE, where 
floor-to-ceiling vertical louvers in front of the offices 
act as sunshades and electricity generators. 

Despite the orientation of the architecture 
award towards “Solar Technology“ since 2008, 
photovoltaics continues to dominate. And yet, time 
and again, exemplary solutions with solar thermal 

 

collectors can also be found in the façade. An early 
project is the single-family house as a PlusEnergy 
house (2007) in Pfarrkirchen/DE by Alfons 
Lengdobler, in which storey-high collectors are 
installed on the first floor with a clear structural 
relationship to the façade grid. The same applies to 
the elementary school (2017) in Hallwang/AT by LP 
Architektur ZT GmbH and to the façade of the four-
story school building in Ettelbruck/LU. The detailed 
solutions vary, but the collectors with their 
dimensions and proportions complement the 
wooden facades in an excellent way (Fig. 16).  
 
Figure 16:  
Lycée technique pour professions de santé, Ettelbruck 
(Fabeck Architectes; ph. Christian Aschman) 

 
 
 

4. CONCLUSION AND OUTLOOK 
The Award of the Solarenergieförderverein 

Bayern with its focus on “building-integrated solar 
technology“ is meanwhile regarded as the leading 
event in its field in Europe, alongside the Swiss Solar 
Prize (since 1990) and the German and European 
Solar Prizes (since 1994). Not only the award-
winning examples show that in the meantime, in 
addition to solar thermal collectors, photovoltaics in 
particular are a natural part of the building 
envelope of energy-efficient buildings in ambitious 
overall architectural concepts. 
 
Figure 17:  
Hof 8, Weikersheim/DE (Architekturbüro Klärle; ph. 
Brigida González) 

 

Over a period of 20 years, it can be said that the 
quality of everyday architecture in the submissions 
has also increased significantly, even though 
building culture has been a seemingly negligible 
factor in the everyday life of many countries for 
decades. Here, architects are the decisive 
professional group for further developing the 
numerous positive examples and trying out new 
approaches. 

The current challenges such as the energy 
turnaround and the climate crisis require creative 
designers and technically competent planners in 
equal measure. It is a matter of daring the 
adventure of solar architecture, worldwide at the 
most diverse locations and in the most diverse 
climatic regions, on a qualitative as well as 
quantitative level. This task is supported by the 
“Architectural Award Building-Integrated Solar 
Technology", which has established itself worldwide 
with a certain unique selling point in the field of the 
interface between architecture and solar 
technology, with important educational and 
informational work. [4] 

 
Figure 18:  
UmweltArena, Spreitenbach (René Schmid Architekten) 
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and deployable building skin 

 
TESSA HUBERT1,2,3,4 BAPTISTE DURAND-ESTEBE1 ANTOINE DUGUÉ1 TINGTING VOGT WU2 

FABIENNE AUJARD4 DENIS BRUNEAU3 

 
1 NOBATEK/INEF4, National Institute for the Energy Transition in the Construction sector, Anglet, France 

2 Institute of Mechanical Engineering (I2M), UMR CNRS 5295, Université de Bordeaux, Talence, France 
3 Ecole Nationale Supérieure d’Architecture et Paysage de Bordeaux, Talence, France 

4 MECADEV UMR CNRS 7179 - National Museum of Natural History, Brunoy, France  
 
 

ABSTRACT: In the context of climate change, the design of building envelopes has become an increasing challenge. 
The envelope not only acts as a load bearer but also as a hygrothermal or visual barrier; it highly influences the 
building performance and comfort of occupants. Therefore, envelopes reacting in real time to environmental 
changes for an improved performance have recently been a growing interest. In particular, recent research has 
been focusing on inspiration from nature as a promising field for adaptive solutions. However, its practice tackles 
many challenges. This paper presents an experimental framework exploring several steps of design process of 
bioinspired building envelopes. Based on the envelope of the morpho and of the chameleon, the design emerged 
from this approach is a multifunctional building skin managing thermal, air and light transfers. The system is self-
adaptive, as it is coated with a smart-paint, and light and air-responsive when manually triggered by occupants. 
A version of this principle was prototyped, integrated to a 1m² insulated box, and tested in real climate conditions. 
A grey-box model and optimisation algorithms were then used to assess the system. 
KEYWORDS: Bioinspiration, Sensitivity analysis, Optimisation 
 
 

1. INTRODUCTION  
The building envelope heavily influences the 

overall performance of the building and the comfort 
of occupants. Therefore, extensive research has 
emerged on how to adapt to varying environmental 
conditions through efficient envelope systems. 
Facing analogous challenges, living systems must 
adapt to adapt external conditions through an 
evolutionary process. 

Envelope concepts, derived from biological 
functions are therefore of growing interest. 
However, they suffer from a lack of applications in 
the building sector, and from unnoticed promotion 
as a lever to environmental issues: they are either 
stopped at preliminary design stages due to 
challenges in transferring them to technological 
applications (Chirazi et al., 2019), or rarely assessed 
in terms of performances when integrated into a 
building (Cruz et al., 2021), as are innovative systems 
in general when implemented.   
 
2. IDEATION OF A NOVEL BUILDING SKIN  

To address the challenges of the practice of 
bioinspiration, our work focused on the whole 
process of designing bioinspired building envelopes. 
Two main approaches were possible (ISO 

18458:2015, 2015): biology-push, using biological 
functions and behaviours for inspiration as a starting 
point in the process, or technology-pull, focusing first 
on technical problems and then exploring how living 
species have overcome similar issues. As a trade-off 
between both approaches, we chose to focus on 
biological envelopes only, such as skins, stomata, 
scales, or animal constructions, as they are able to 
manage multiple functions to regulate their internal 
environment. With the support of biologists 
specialized in evolution and adaptation mechanisms, 
we selected and described biological models of 
interest for the built environment while using an 
architectural and functional perspective. The 
generated database, gathering more than a hundred 
models could then be handed over to designers as a 
tool to assist the inspiration and design of 
multifunctional principles. One of the proposed 
envelope systems was then selected and pushed 
towards a technological version. As the assessment 
of envelope systems was underlined as one of the 
lacks in the bioinspiration field, we built a test bench 
and created an experimental protocol to both 
validate the benefits of the emerged system in terms 
of performance and comfort, and retrieve feedbacks 
from the used framework. 

 

 
 

2.1 A participatory bioinspired design process 
Several workshops gathered engineers and 

architects for the ideation of bioinspired principles 
(Fig. 1). The biological database was provided as a 
datasheet including general information on the 
species. It also described the various stimuli that 
participants could undergo, such as environmental 
factors (heat, rain) or interactions with other species, 
and their effects on them (physical phenomena, 
behaviour). 

Based on this, participants were asked to 
propose envelope concepts that would impact the 
interior indoor environmental qualities of their 
choice (air quality, daylight, acoustic and thermal 
comfort). Decision support tools, such as key 
features, illustrations, or tables, were included to 
help designers browse into the database, and select 
biological models of interest.  

Figure 1: 
Workshop envelope concepts inspired by morphological 
features of beetles and beehive structures. 

 
The emerged ideas were various as some were 

based on morphological features and others on 
either physiological or behavioural characteristics. 
To further the design process exploration, we 
selected one of the proposed ideas based on its 
novelty. 

 
2.2 Case-study: operating principle 

The selected idea is inspired by two biological 
models: the morpho (lepidoptera of the insect class), 
which demonstrates multiple functions and 
strategies for thermoregulation using its wings (e.g., 
forced ventilation, orientation towards either the 
environment for radiative exchanges, or adaptive 
emissivity of its scales (Berthier, 2005)) and by the 
chameleon (squamate of the reptile class), which 
changes colour due to a deformable crystalline 
network contained its derma (Teyssier et al., 2015).   

The derived concept is a thermal protective 
system with 2 main features (Fig. 2): 

• a deformable mesh supporting rotating 
elements for interchanging absorption 
properties and auto-shading; 

• an auto-reactive coating of the rotating 
elements to a threshold temperature for 
adaptive emissive properties, inspired by 
intrinsic properties of butterfly scales 
(Berthier, 2005). 

Figure 2: 
Features of the design when deformed. 

 
The design can be positioned in front of opaque 

or glazed walls, or can be installed as the envelope 
itself. In warm and temperate climates, when 
exposed to solar radiation, it prevents the envelope 
from overheating by changing colour. This skin can 
also “breathe” through openings locally generated 
by the deformation of the mesh, managing air and 
light transfers towards the buildings. The system is 
auto-reactive but can be modified by the users, 
through controlled rotations of flaps or one to 
several deformations, to better fit their needs. 

 
3. IMPLEMENTATION INTO A TEST BENCH 

Several versions of prototypes were built in order 
to retrieve the proposed bioinspired features. For 
instance, the auto-reactivity was embedded with a 
thermochromic coating, formulated to change 
colour above and below 40°C: from one colour to a 
lighter one (blue to white, for instance), the 
absorption coefficient in the visible spectrum drops 
and absorbs less. Systems coupling a mesh 
deformation with elements deployment were built 
as well, using springs or string-based actuators. 

However, the evaluation of such designs is rather 
complex, as it combines multiple physical 
phenomena: the effects of deformation, auto-
reactivity, and deployment were therefore assessed 
apart from each other (Hubert et al., 2022). Only the 
assessment of the latter is described in this article. 
For this, rotating elements were built with hexagonal 
aluminium plates, rotating on a solid frame support 
through a 3D-printed plastic notched system. They 
were then coated with a classic black paint (Fig. 3). 

For measurements of the behaviour and impact 
of the envelope system on an enclosed volume in 
real conditions, the prototype was integrated to a 
1 m3 test box (Fig. 4). The following elements were 
monitored: heat flows and temperatures at the 
different layers of the envelope, ambient 



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

494 495

 

temperatures, and climatic conditions such as wind 
velocity, and direct and diffuse solar radiation. 

 

Figure 3:  
Notched system of rotating elements (or “flaps”). 

 
Note: The plastic systems are inserted in a 4 mm thick 
perforated aluminium frame. 

Figure 4:  
Photograph of some of the sensors and of the prototype 
integrated to a test box in real climate conditions. 

 
 
Series of measurements between January and 

March 2022, with a south orientation of the 
prototype, were performed in Talence (Nouvelle 
Aquitaine, France). The flaps were either in a closed 
position (vertical, with a rotation angle of 0°) or open 
(as caps, at 90° rotation angle).  For each position, a 
14-day measurement campaign was performed to 
collect data during both sunny and cloudy days. 

Measurements indicate a strong correlation 
between the interior temperature of the box and 
solar radiation. A correlation between the wind 
speed and the variations of heat flows and 
temperature within the wall is observable as well. In 
addition, when there is wind, the surface 
temperature of the external flaps is higher than the 
temperature of the external air, and lower 
otherwise: it indicates that the radiative exchange 
with the sky dome is negligible in front of the 
convective exchanges by windy night.  

As the measurements were performed in varying 
external conditions, direct comparison between the 
configurations does not provide information on the 
impact of the prototype on the box conditions. 
However, they can be used in a grey-box approach 
i.e., combining a partial theoretical structure with 
data to complete the model.  

 

4. CHARACTERIZATION 
Based on observations made from the 

measurements, we propose here a thermal model to 
characterize the system. 

 
 
 

4.1 Thermal model 
Transfers are considered to be one-dimensional 

between the inside and outside of the test box. The 
model integrates radiative heat transfers with the 
sky, the surrounding, and the sun, as well as 
conductive and convective exchanges with the 
ambient temperature impacted by the wind speed. 

Figure 5:  
Thermal balance on the outer surface of the prototype 
behind the flaps. 

 
The thermal balance on the external surface Tal is 

given by Equation (1): 

φsky + φenv + φsol + φconv,cond  = φal->int    (1) 

where φsol - incident solar radiation (W/m²);  
φsky and φenv - longwave radiative flux density 
from the sky and from the surrounding 
environment (W/m²); 
φconv,cond - conducto-convective flux density 
between the ambient air and the wall 
(W/m²);  
φal->int - conductive flux density towards the 
interior (W/m²).  

The conducto-convective term is an affine form 
adapted from (McAdams, 1994) which introduces a 
fixed value and a variable depending on the wind 
velocity (Equation (2)).  

φconv,cond = (5.7 + fwind.Vwind).(Text - Tal)     (2) 

As for the longwave radiations, they are 
expressed in a linearized form of radiative transfers 
(Dugué, 2013), respectively involving variable 
exchange coefficients fsky and fenv (Equation (3)). 
From 0 to 1, they embed the emissivity of aluminium 
and view factors, or an equivalent when flaps are 
closed:  

φsky = fsky.σ.(Tal2 + Tsky2).(Tal + Tsky) .(Tal - Tsky)    (3) 

 

where σ - Stefan Boltzmann constant;  
Tsky - sky temperature (K) approximated with 
(Duffie & Beckman, 2013). 

Finally, φsol can be expressed as the sum of φsol,abs 

and φsol,ind, respectively the transmitted intake from 
the prototype and absorbed by the aluminium, and 
the indirect intake absorbed through the flaps: 

φsol,dir  = τ.αalu.G  (4) 

φsol,ind  = fsol.G  (5) 

where τ - Projected sun ratio calculated with 
geometric models (-);  
αalu - Absorption coefficient of aluminium (-); 
G - Incident vertical solar radiation (W/m²); 
fsol - Incident intake through the flaps (-). 

 
The assessment of the prototype involves the 

identification of several parameters: fsol, fsky, fenv, 
fwind. As for τ, the use of a geometrical model helped 
determine its value. 

 
4.2 Geometric model  

A geometric model of the prototype was made 
using Grasshopper in the CAD Rhinoceros software. 
Setting the measurement configurations (south 
orientation, 90° opening of flaps), we could calculate 
the vertically projected sun ratio τ on the tested 
façade (Fig. 6). A comparison of the simulations with 
measured projections validated the geometrical 
modelling. 

Figure 6:  
Shaded surfaces calculation using sun projection during 
the measurement periods. 

 
 
 

4.3 Sensitivity analyses  
The model was simulated using the Software 

OpenModelica. Before identifying unknown 
parameters, sensitivity analyses were performed to 
ensures that the model is relevant and that the 
optimization is focused on the parameters with the 
greatest impact on the model error. All the 
parameters of the model were first included in a 
Morris sensitivity analysis (Morris, 1991) performed 
on a quadratic error cost function calculated 
between the measured and simulated Tply. For each 
analysis, the used dataset is a few days of 
measurements demonstrating heterogeneous 
profiles in terms of solar radiations or wind speeds.  

Results showed that only fsol, fsky, fenv, fwind were to 
be considered in the case of a closed-flaps 
configuration, while the open-flaps configuration 
requires, as expected, optimising the absorption 
coefficient of the aluminium as well as shown on 
Figure 7. 

Its impact on the model error is due to a rather 
high projected sun ratio τ as the tests were 
performed in winter in a localisation where the sun 
elevation is low at that time of year. 

A more thorough analysis calculating estimated 
Sobol indexes of only impacting parameters then 
provided a rank of influence between the 
parameters. The solar, wind and environmental 
factors (fsol, fwind, fenv) appeared as the most 
influential parameters.  

Figure 7:  
Normalized Euclidean distance d between the two Morris 
indices (μi*,σi). 

 
The parallel-coordinate visualization of this 

sensitivity analysis showed for closed flaps that 
simulations were under-estimating the temperature 
node of the model, pointing out missing information 
in our modelling or potential measurements errors. 

 For open flaps, it indicated low values of the 
celestial factor with rather high values for fenv, for 
“centred” estimations and low quadratic errors. The 
solar factor and αalu seem to compensate each other 
as they are both impacting the solar intake (Fig. 8). 
Dissociating them during the optimisation may not 
be easy.  

Figure 8:  
Parallel-coordinates graph mapping all the solutions for 
the open-flaps configuration with their mean (NMBE) and 
quadratic errors (CV(RMSE)). 
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Note: CV(RMSE) (Coefficient of Variation of the Root Mean 
Square Error)  is the coefficient of variance of the quadratic 
error indicating the results’ dispersion (Ruiz & Bandera, 
2017). Its value is between 0 and 1. The filtered solutions, 
low CV(RMSE), are color-coded by the NMBE on Tply.  
 
4.4 Identification  

The optimization method was chosen as a 
stochastic approach i.e., using pseudo aleatory 
exploration processes. Customized programs in 
Python Environment were used to conduct an 
optimization analysis on the model with genetic 
algorithms, with CV(RMSE) as the cost function. 
Results of the optimization is given in Table 1. 

Table 1:  
Comparison of parameters between open and closed 
flaps. 

 Closed flaps 0° Open flaps 90° 
Parameter Value  CV(RMSE) Value  CV(RMSE) 

fsol 0.16  0.32  
fwind 0.020 0.65% 7.1                                                                                                                                                                                                                                                                                                                                                                                                0.61% 
fsky 0  0.11  
fenv 0.0013  0.55  
αalu N/a  0.15  

Figure 9:  
Comparison of the model prediction and measurements 
during a validation period. 

 
Note: The validation period is a 4-day period different 
from the one used for the sensitivity analysis and the 
calibration. 

5. DISCUSSION 
The two configurations showed different results. 

Despite closed flaps, a solar factor fs of 0.16 means 
that 16% of the incident solar flux is absorbed by the 
aluminium layer. The total solar intake for open flaps 

is at least twice as high because it includes both a 
solar factor of 0.32 and a direct contribution from 
the projected sun. 

The wind speed factor fwind is to be compared to 
the index proposed by (McAdams, 1994) of 3.4, 
which reflects the wind protection provided by the 
flaps. When flaps are opened, the value of 7.1 is 
consistent with the reference value, showing 
convection due to the wind included in the energy 
balance of the wall. When closed, the wind factor 
becomes insignificant. 

The optimization algorithms tend to minimize the 
celestial factor for both cases, whatever the initial 
conditions, suggesting a biased contribution of 
radiative exchanges with the celestial dome for the 
model. As expected, the radiative exchange factor 
with the environment indicates a very low value for 
closed flaps but higher when opened, with a value of 
0.55 consistent with a view factor. 

Unfortunately, there is a systematic error on the 
predicted temperature at night, foreseen by the 
parallel plot and an off-centred NMBE, whose origin 
remains unknown. In future work, the model could 
be discussed on its perimeter, on the modelling of 
the error itself or more likely on the measurement. 
 
6. CONCLUSION 

This paper presents the exploration of a 
bioinspired design process. We focused on 
understanding and describing specific biological 
models, and exploiting the emerged database during 
conception workshops. To carry the process through, 
we selected one of the proposed concepts and 
transferred it into a technological design, that we 
prototyped and assessed. The next steps are to test 
the thermo-reactive coating and assess its 
contribution to the actual design. On the other hand, 
a deformable design is currently under construction. 

Delving into the whole design process of a 
bioinspired envelope element has been rather 
complex. It reinforced the observation of practical 
difficulties to push to the market envelope systems 
that combine multiple functions, as their assessment 
require specific modelling on a medium scale, or 
before/after evaluations for full scale integrations. 
Also, the transfer to a technical solution highlighted 
many challenges in terms of materials, scaling, 
durability issues, even for a façade test as small as 
1m².  

The next steps would be a full scale prototype to 
be integrated into existing buildings, and be 
controlled and manipulated by their occupants. If 
the colour change is intended to be auto-reactive 
and bring intrinsic performance, the deployment and 
deformation is expected to be manipulated by the 
building users. Their experience and acceptability 
are part of the successful integration of this new 

 

design into buildings, as well as the overall design 
performance in terms of solar protection and 
comfort. 

If the implementation appears to be the 
blockchain in the design process, the earlier steps 
are crucial as well. In this study, we intentionally 
chose to prototype a concept combining many 
features, using both low-tech (mechanical orienting 
flaps) and high-tech (thermo-chromic paint) 
approaches. However, unless the principle is in 
fracture with actual building envelopes, the 
implementation could be eased by focusing on how 
to adapt existing systems during the transfer-to-
technology step.  

Additionally, further work on the biological 
database handed over to architects and engineers 
during the creativity phase could be done. The 
abstraction of a biological model into envelopes 
principle relied on the level of information and 
degree of understanding the designer got from our 
database. Without restricting creativity, more 
function- or goal-oriented solutions could emerge 
with the proper data structuration or angle of 
analysis.  
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ABSTRACT: This study aims to propose a roadmap to achieve nearly zero-energy and net-positive energy buildings in 
a Brazilian municipality as an outcome of the Efficient Cities Project case study. A general perspective of the energy 
consumption in the past few years is shown and associated with the building stock's floor-plan area to estimate the 
future condition of both building stock and its energy consumption. Three main axes were proposed to reduce the 
estimated energy consumption: (a) actions focused on the public sector, (b) actions focused on the private sector and 
(c) actions focused on building operation. The roadmap shows possible reduction on energy and emissions at the city 
level with the actions proposed in a significant part of the building stock and 3 scenarios for integration with 
renewables. The maximum reductions estimated in the best scenario in the year 2030 were 25% for the residential 
sector and 34% for the commercial/ services sector regarding the year 2005, showing a path to the city towards the 
world goals expected for the year 2050 of carbon neutrality.  
KEYWORDS: Energy efficiency, Cities, Roadmap 

 
 

1. INTRODUCTION 
The last report of IPCC in 2021 showed that human 

society is already living under effects of climate change 
[1]. The Brazilian National Determined Contribution 
(NDC) to the Paris Agreement was ratified for the 
COP26 Conference in 2021, with the commitment to 
mitigate 50% of its greenhouse gas (GHG) emissions by 
2030, (using the year 2005 as a baseline and the Fourth 
National Inventory of Emissions as a reference) and 
achieve carbon neutrality by 2050 [2]. 

Energy consumption in buildings is responsible for a 
significant share of carbon emissions in Brazil. 
According to the Brazilian National Energy Report, the 
residential, public and commercial buildings accounts 
for around 52.0% of the total electricity consumed in 
the country, which corresponds to around 25 MtCO2eq 
in 2019 (pre-pandemic Scenario) [3]. Country's public 
policies, as the 2030 Ten-Year Energy Expansion Plan, 
points out the prospects for the expansion of the sector 
between 2021 and 2030 [4]. The plan foresees the 
growth of energy demand in the residential sector and 
considers an increase in the importance of electricity as 
the main final use in the sector, with an expected 
growth of 3.4% per year, due in particular to a greater 
ownership of home appliances and a greater propensity 
to use conditioned environments, also induced by 
climate change and effects like heat waves. For the 
commercial and public buildings sector shows, an 

estimated growth in energy demand of 2.6% per year 
between 2019 and 2030, being the sector that was 
most affected by the Coronavirus pandemic. Therefore, 
actions to transform buildings into more energy-
efficient consumers are important to reduce the 
environmental impacts and, consequently, achieve the 
intended NDCs.  

Cities administrations have started taking action to 
mitigate climate change effects. The C40 initiative is an 
example of this effort led by the 40 more populated 
cities in the world, which aims to fight climate change 
and drive urban action to reduce greenhouse gas 
emissions and climate risks, increasing health, 
wellbeing and economic opportunities of urban citizens 
[5]. Although few guidelines tailored for cities are found 
in Brazil, the “Efficient Cities Project” aimed to 
implement energy-efficient actions in some selected 
Brazilian cities alongside their municipal 
administrations in a suitable way for their reality. 

Therefore, this study aims to propose a roadmap to 
achieve nearly zero-energy and net-positive energy 
buildings in a Brazilian municipality as an outcome of 
the Efficient Cities Project case study. A general 
perspective of the energy consumption in the past few 
years is shown and associated with the building stock's 
floor-plan area to estimate the future condition of both 
building stock and its energy consumption. Then, three 
main axes were proposed to reduce the estimated 

 

energy consumption: (a) actions focused on the public 
sector, (b) actions focused on the private sector (that 
will be presented in more detail) and (c) actions focused 
on building operation. The roadmap shows possible 
reduction on energy and emissions at the city level with 
the actions proposed.  

 
2. THE EFFICIENT CITIES PROJECT 

The Efficient Cities project (in Portuguese "Cidades 
Eficientes") is an ongoing project carried out by the 
Brazilian Council for Sustainable Construction (in 
Portuguese "Conselho Brasileiro de Construção 
Sustentável" - CBCS) which begun in 2018. The first goal 
was to support municipal governments in promoting 
actions towards greenhouse gas emission reductions 
related to energy and water consumption in municipal 
buildings. Three cities in Brazil were chosen to join the 
initial phase of the project, including Florianópolis, 
capital of Santa Catarina State, in the south of Brazil. In 
November 2019, began the second phase of the project 
extended until June 2021 and aimed to structure 
elements of governance and public policies for the city 
administration, capable of implement permanent 
measures for energy efficiency of public and private 
buildings with reduction in greenhouse gas emissions 
and resilience in face of climate change. Florianópolis 
selected as a single case study established the Floripa 
Efficient City Program (in Portuguese “Programa Floripa 
Cidade Eficiente”). Three main subtasks were instituted: 
(a) developing an integrated platform for electricity and 
water management of the municipal building portfolio; 
(b) training municipality staff members in energy 
efficiency topics; and (c) proposing suggestions for 
public policy related to energy efficiency, including an 
energy building code to increase efficiency in public and 
third party buildings. A partnership between CBCS and 
the Laboratory of Energy Efficiency in Buildings (LabEEE) 
of the Federal University of Santa Catarina (UFSC) was 
also set up for collaboration on the project to aid in the 
building stock modelling process for the energy building 
code. The final result of the third subtask was a 
comprehensive roadmap to move the buildings of the 
evaluated city towards an energy-efficient scenario 
comprising nearly zero-energy or net-positive buildings 
considering the timeframe of 2030, which will be the 
focus of the presented study. 

 
3. METHOD 

3.1 City characterisation 
The city of Florianópolis located in Southern Brazil, 

in a climatic zone Cfa (Köppen-Geiger classification), has 
a population of 500.973 people in 2019 [6], a territorial 
area of 674,844 km², Gross Domestic Product of US$ 

6.9 billion in February 2015 and the Human 
Development Index (HDI) was 0.847 in 2010. 

 
3.2 Data 
The building stock is the organized record of the 

buildings. It is essential that all energy efficiency 
proposals for buildings at the city level have as starting 
point technical criteria based on analysis of the building 
stock contained in the municipality. Two sources of 
data were used to model the analysis of this study: 

1. Yearly electric energy consumption at the city 
level broke down for use type from 2005 to 2019. It was 
acquired from the utility company (in kWh/year). 

2. Information of the city building stock accounting 
all constructed area built in the city year-to-year, until 
2019 (in m²), acquired from the municipality 
administration from two databases that account with 
different information: a) database of municipality’s 
register buildings of the Urban Planning Institute of 
Florianópolis (IPUF/PMF) – used to collect municipal 
taxes; and b) database of projects approved and 
licensed for construction by the Municipal Secretary of 
Urban Development (SMDU/PMF). With this, it was 
possible to identify the percentage of the main built 
typologies, average and median built area.  

 
3.3 Model of the baseline scenario 
The baseline scenario was modelled considering 

several regression analyses of both energy consumption 
and floor-plan area, using a interval from 2005 to 2019. 
A regression model with high R² and low root mean 
squared error was adopted as the baseline scenario. 
The equation was used to predict 2020 to 2030 yearly 
energy consumption and floor-plan area growing. 

 
3.4 Strategies to reduce energy consumption 
Three main axes were delineated to model 

strategies to reduce energy consumption considering 
the public sector, the private sector and the building 
operation (Table 1). Specific models were addressed to 
assess the potential impact of each action. The main 
impactful axis is regarding strategies for the Private 
Sector, which accounts for 82% (residential and 
commercial/services buildings typologies) of the city 
energy consumption [7]. 

 
Table 1: Strategies to reduce the energy 
consumption of the building stock. 

Axis Strategy 

Strategies for the 
Public Sector 

Internal Benchmarking 
Requirements for building construction 
Requirements for building integrated 
energy generation 
Energy efficient purchasing 
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Axis Strategy 

Strategies for the 
Private Sector 

Requirements for building construction 
Requirements for building integrated 
energy generation 

 
 

Strategies for 
building operation 

Mandatory energy audits  
City-level benchmarking  

     
      Regarding this strategy, a building stock analysis 
accounted for the potential impact of energy-efficient 
measures on the design phase of buildings for new 
buildings and retrofit for buildings in operation. 
Reduction factors according to each share of buildings' 
sizes were applied. Also, three scenarios of building 
integration with renewables energies were considered, 
reflecting the generation of 25%, 50% and 100% of 
building energy demand.  

 
4. RESULTS 

4.1 Building stock and city energy consumption  
Although information from more years was 

available, the main focus of the built area analysis were 
buildings built from 2014 to 2019 that converges with 
the initial year of the municipality´s Master Plan last 
revision. 5,037 buildings from database (a) were built in 
the city in that period representing 5,3% of the total 
buildings in the city since 1,800. From database (b) 
4.931 projects were approved (Figure 1).  
Figure 1:  
Building typology data by built area from 2014 to 2019 from 
databases (a) and (b).  

  
 

Both databases showed the preponderance of the 
multifamily residential typology followed by the single-
family residential and commercial/services typologies, 
being those three typologies, the focus of the main 
criteria proposed in the roadmap.  

An overview of the size of the existing buildings in 
the municipality is shown in Figure 2 that presents the 
buildings from database (b) organized as function of  
the total built area. The propositions adopted on the 
roadmap considered the most representative groups 
within each typology and allowed to determine the 
limits of the built area for the application of the 
proposed requirements of energy efficiency (Figure 2). 

The ranges with the largest area and representing at 
least 50% of the typology stock were selected to apply 
the requirements proposed in the roadmap. From 
Figure 2, most of the built-up area consists of 

mixed/multifamily buildings and multifamily residential 
buildings in the range from 5,001 m² to 10.000 m2, and 
single-family buildings from 201 m² up to 500 m2. 
Commercial/services buildings have similar 
representation in all ranges, but from 2,001 m² 
onwards represent 63% of the stock.  
Figure 2:  
Projects from Database (b) from 2014 to 2019, distributed by 
frequency of occurrence of the built area range in m2. 

 
 

The analysis of energy consumption at the city level, 
showed that the entire building stock is responsible for 
85% of the electricity total consumption in the 
municipality of Florianópolis. The remaining 15% refers 
to public lighting, rural and industrial consumption. The 
integration of database (a) with energy consumption of 
the municipality made possible to measure the energy 
consumption by typology and estimate future growth 
trends. Figure 3 shows information combining building 
stock growth data and energy consumption from 2005 
to 2019, which allowed for estimating trends from 2020 
to 2030 for residential (Figure 3a) and 
commercial/services buildings (Figure 3b). It is shown 
the current situation of the building´s stock in terms of 
built area accumulated in the municipality from 2005 to 
2019 (blue bars), and its growth forecast until 2030 (red 
bars). From 2020 to 2030 the stock already built up to 
date will remain built (light blue bars). In addition, also 
shows the total energy consumption by the 
municipality's buildings registered until 2019 (blue line), 
and its growth trend until 2030 (red line), with a 
confidence interval that was calculated (light red lines). 

Residential buildings had a building area growth of 
34% from 2005 to 2019 while commercial/services 
buildings was 42%. In energy consumption for the 
residential sector, the increase was of 32% in the same 
period, while in the commercial/services sector was 
24%, that is, a growth of 2.3% per year for the 
residential sector and 2.6% per year for the 
commercial/services sector.  

 

 

Figure 3:  
Estimate of accumulated built-up area from the stock and 
energy consumption of buildings in Florianópolis from 2005 to 
2019 with trends for 2030. Source: Database (a) and 
information from CELESC - Electric Utility.  

 
a) Residential sector 

 
b) Commercial/services sector 

 
From Figure 3, the commercial and service sector 

represent only 11.5% of the total built area from the 
city building stock but is responsible for 35% of the total 
electricity consumption in Florianópolis. The residential 
sector, holds 71% of the total built area, being 
responsible for 47% of consumption. Together, the 
residential and commercial/services sectors account for 
82% of the municipality's total energy consumption. 
The focus of actions on existing buildings should start 
with the residential and commercial/services sector. 
The consumption per square meter in the 
commercial/services sector, regarding and average for 
2005 to 2019 was 117.5 kWh/m²/year while for the 
residential sector was 23,1 kWh/m²/year.  

It is also noteworthy in Figure 3 that the existing 
buildings make up a substantial portion of the built 
stock. In this way, actions aimed at energy efficiency of 
existing buildings are as necessary as for new buildings, 
as they represent a significant impact on the total 
energy consumption of buildings in the municipality. 

 
4.2 Strategies to reduce energy consumption 

Strategies for public sector buildings were established 
together with the city municipality and included the 
implementation of an online platform developed by 

CBCS for the management of integrated energy and 
water consumption in public buildings (which allows for 
an internal benchmarking), in addition to the creation 
of public policies that included guidelines for the 
operation of buildings by users and for energy efficient 
purchasing. Both the public and private sectors must 
follow the requirements considered in the energy code, 
which also includes requirements for the integration of 
renewable energy in buildings. And for buildings in 
operation, benchmarking practices and mandatory 
energy diagnostics linked to the sale and/or rent of 
commercial buildings were recommended (Table 1). 

The requirements for energy efficiency in the 
energy code proposed considered the typologies 
observed as being the most significant in the study 
carried out. The requirements for the Private Sector 
apply to single-family residential buildings larger than 
or equal 200m2, multi-family buildings larger than or 
equal 2,000m2, commercial/services buildings larger 
than or equal to 2,000m2. Mixed buildings follow the 
same requirements as the respective typology. These 
typologies and areas were considered for the estimated 
energy consumption reduction scenarios for the 2030 
horizon. The criteria considered are applicable to new 
buildings and renovations. 

The requirements addressed for residential 
buildings (single-family and multi-family) refer to the 
external elements of the building envelope (walls, roofs 
and windows) for thermal performance, criteria for 
natural lighting performance and the water heating 
system. It is emphasized that all new residential 
buildings in Brazil already must comply with the 
standard ABNT NBR 15575, fulfilling at least its 
minimum criteria, which include, among others, 
thermal and lighting performance criteria. The study 
proposed a greater requirement (beyond the minimum 
level) for a portion of these buildings, with the objective 
of increasing the energy efficiency of buildings in the 
municipality.  

The requirements addressed for commercial/ 
services buildings refer to the external elements of the 
building envelope (walls, roofs and windows). 

For both residential and commercial/services 
buildings, criteria for the incorporation of renewable 
energy, efficient equipment and prevision of charging 
for electric vehicles, were included on the requirements 
for building construction. Although for the roadmap 
and energy reductions calculations, only the criteria for 
the envelope and introduction of renewables was taken 
into account.  

The requirements defined for the residential 
typology were determined based on the national 
thermal performance standard ABNT NBR 15575 from 
2021. For commercial buildings, a study was carried out 
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together with LabEEE based on the Energy Label 
Regulation for commercial buildings (INI-C). 

An example of the requirements for multifamily 
residential buildings is presented as follow:  

Buildings from 2.000 m2 up to 5.000 m2 - Level 
required considering the standard NBR 15575 for:  

Thermal comfort: At least 15% of the housing units 
in the project must have an intermediate level 

Lighting comfort: At least 15% of units must be 
intermediate level in their main rooms.  

For energy renewable, provision for the installation 
of a photovoltaic energy system or other renewable 
energy system on site to meet at least the estimated 
annual electricity consumption for common areas and 
provision of an electrical point in at least one fixed 
parking space for each residential unit or a charging 
station for public use to serve at least 10% of the total 
parking spaces. 

For hot water it is recommended that the water 
heating system follow the design and installation 
guidelines given by the Brazilian Labelling Program for 
Residential Buildings, called INI-R, considering the 
efficiency level A. 

And when applicable for efficient lighting, the 
power density was limited to 5 W/m2. For air 
conditioners, the equipment should be class A in the 
Brazilian Labelling Program, according to the 
classification given by Inmetro in 2020, equipped with 
refrigerant fluid that does not affect the ozone layer, or 
labeled with the energy conservation Seal Procel, that 
indicates the most efficient equipment.   

For commercial buildings, results of the study 
carried out with LabEEE/UFSC that sought to 
established requirements on the building envelope for 
potential buildings class A level in the Brazilian Energy 
Labelling Program, were the base of the requirements. 
The criteria took into account the number of floors, 
window to wall ratio, solar heat gain coefficient of the 
external windows, thermal properties as thermal 
transmittance and capacity and solar absorptance for 
external walls and roofs. Requirements for provision of 
installation of renewables and electric cars were also 
considered, as well as requirements for efficient 
lighting, air conditioning and hot water system.  

The compliance with all requirements is self-
declaratory through a document proposed. 

The potential reductions estimated with adoption of 
each of the measures suggested were taken into 
account in order to established scenarios of future 
behaviour.  The criteria are placed by area range within 
each typology. A rate of renovation of the built stock of 
1.5% per year was adopted based on international 
studies [8], due to the lack of more accurate national 
data. The reduction criterion was based on national 

studies when possible for the residential and 
commercial/services sector (Table 2a and b).  
 

Table 2: Criteria for establishing scenarios and 
consumption targets predicted for 2030 in the city of 

Florianópolis. 

Less than 200 m² 6.151.527,87 7.943.991,62 
There is criteria for HIS, but it was not accounted 

for calculating the goals.

De 200 a 349 m² 4.093.235,81 5.285.943,86 

From 350 to 499 m²  1.344.238,92 1.735.930,15 

From 500 to 2.000 
m²

956.083,58 1.234.672,12 

Acima de 2.000 m² 205.120,64  264.889,74 

Less than 2.000 m²  1.666.296,97 2.151.831,13 Minimum level of NBR 15.575

From 2.000 to 
5.000 m²

 3.119.025,53 4.027.863,19 

Reduction of 20% of the thermal load due to the

requirement of NBR 15.575 (Intermediate level),

considering that 40% of the final end uses of the

building is due to HVAC, applied in 15% of the

buildings plus reduction of 20% due to efficient

water heating system, applied to 15% of buildings.

From 5.000 to 
10.000 m²

 3.371.409,55 4.353.788,16 

Reduction of 20% of the thermal load due to the

requirement of NBR 15.575 (Intermediate level),

considering that 40% of the final end uses of the

building is due to HVAC, applied in 25% of the

buildings plus reduction of 25% due to efficient

water heating system, applied to 20% of buildings.

Over 10.000 m²  5.850.134,22 7.554.776,34 

Reduction of 35% of the thermal load due to the

requirement of NBR 15.575 (Intermediate level),

considering that 40% of the final end uses of the

building are due to HVAC, applied in 20% of the

buildings plus reduction of 40% due to efficient

water heating system, applied to 40% of buildings. 

Reduction of 55% of the thermal load due to the 

requirement of NBR 15.575 (Intermediate level), 

considering that 40% of the final end uses of the 

building are due to HVAC plus Reduction of 25% 

due to mandatory solar water heating system or 

efficient system.

Area 

expected for 

2030

Reduction of 27% of the thermal load due to the 

requirement of NBR 15.575 (Intermediate level), 

considering that 40% of the final end uses of the 

building are due to HVAC plus reduction of 20% 

due to mandatory solar water heating system or 

efficient system
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a) Residential buildings 

Existing area in 

2019 

(accumulated)

Area 

expected for 

2030

Criteria used to calculate impacts

Less than  2.000 m²  2.782.144,50 3.704.343,16 -

Over 2.000 m²  4.287.748,24 5.709.010,04 20% reduction due to requested requirements

Typology
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a) Commercial/services buildings 

 
For the scenarios creation, it was considered the 

reduction in consumption both due to the impact of the 
proposed actions of energy efficiency in the building 
envelope and hot water system (Table 2), as well as the 
incorporation of renewable energy that could supply 
25%, 50% or 100% of the total energy consumption in 
the applicable typology of buildings.  

Considering the different scenarios of renewable 
energy in the new buildings and retrofit, it is possible to 
reduce the energy consumption expected for 2030 in 
the residential sector from 796 GWh to 722 GWh in the 
scenario that considers the adoption of 25% of energy 
renewable sources. In a scenario of 50% insertion of 
renewables, the estimated consumption would be 679 
GWh and in the most optimistic scenario (of 100% 
renewable), the reduction would be to 593 GWh in 
2030. For the commercial/services sector, there is the 
potential to reduce by 545 GWh (estimated 

 

consumption for 2030) to 475 GWh in the 25% 
renewable scenario, or 436 GWh in the scenario of 50% 
insertion of renewables, reaching up to 358 GWh in the 
most optimistic scenario (100% renewable).  

The results can be observed in the figures for 
typologies residential and commercial/services, 
estimated for 2030 in relation to consumption in 2005 
(segmented line), considering growth trend in energy 
consumption observed until 2019. The maximum 
reductions estimated in the best scenario (scenario 3) in 
the year 2030 were 25% for the residential sector and 
34% for the commercial and services sector, as shown 
in Figure 4a and Figure 4b respectively.  

 
Figure 4: 
Scenarios of energy consumption in Florianópolis. 

 
a) Residential buildings 

 
b) Commercial/services buildings 
 

5. CONCLUSIONS 
This study aimed to propose a roadmap to achieve 

nearly zero-energy and net-positive energy buildings in 
a Brazilian municipality. A case study for Florianópolis 
was selected. A set of actions regarding requirements 
for building construction, integration with energy 
generation, energy benchmarking and energy audits 
were considered. The main conclusions were: 
• Residential and commercial/services buildings, which 
account for 82% of the total city energy use, should be 
the main target for energy efficiency actions. 
• An analysis of the building stock and energy 
consumption at the city level gives important data in 
order to set up and forecast goals.  
• Energy efficiency criteria for retrofit is as important 

as for new buildings. 
• Criteria for the envelope, water heating system, 
equipment and lighting alone are not sufficient to meet 
the national targets for emissions reduction and 
decrease the growth trend of energy consumption in 
buildings, being necessary the introduction of 
renewable energy generation within the buildings.  
• Reductions from 10% to 25% in the residential sector 
and from 13% to 34% in the commercial/services sector 
in relation to 2005 consumption can be achieved with 
energy efficiency requirements and the introduction of 
renewables in order to supply from 25% up to 100% 
considering buildings with higher areas that represent 
at least 50% of the new buildings in those typologies 
and a retrofit renovation of 1,5% year.  

Finally, the implementation of energy codes in cities 
is one of the most important actions of energy 
efficiency to make cities more sustainable. 
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ABSTRACT: Housing deficit, poor construction  quality and energy poverty are problems of high relevance in 
Chile, with greater incidence in the central and southern regions. In this area there is an extreme dependence 
on firewood for heating due to the cold climate, low energy efficiency of houses and the availability of 
firewood at a low price. Public programs to improve energy efficiency in existing dwellings have had a 
reduced impact due to several economic, behavioural and administrative barriers. This study aims to test 
participatory methods in a pilot retrofit program that includes practical training for households from two 
medium-low income neighbourhoods in the city of Valdivia in southern Chile. The training focused on simple 
and low-cost construction techniques to improve the thermal insulation and air-tightness of dwellings in a 
self-managed manner. The methodology aims to identify the key components of engagement that were used 
in the pilot and the effectiveness of the program based on recordings of indoor temperature before and after 
the retrofit. Results show that the pilot incorporated participatory components that current public programs 
do not consider and that, according to international experiences would encourage participation and 
therefore effectiveness of the programs. Furthermore, an average gain of 3.17°C in indoor temperature after 
the energy efficiency improvements was measured and 50% of the improved dwellings maintained an indoor 
temperature above the 18°C threshold during the winter.  
KEYWORDS: Energy efficiency, Energy poverty, Retrofit programs, Residential sector, Chile,  

 
 

1. INTRODUCTION  
1.2 Chilean housing policy: impacts in energy poverty 
and air pollution 
     From 1974 onwards, housing policy in Chile 
underwent a deep change in response to the sharp 
reduction in the responsibilities assumed by the 
State in a highly polarized political context. Under 
the new neoliberal approach, a subsidiary policy 
was developed, aimed at reducing the country's 
housing deficit in the 1970s through the massive 
construction of low-cost social housing. These social 
housing projects continued to grow in the 1990's, 
which resulted is more than 212,000 new houses 
being built between 1974 and 2000 [1]. Despite the 
fact that this policy has reduced the housing 
shortage in Chile over the past decade, it also 
brought with it many problems in terms of living 
space, location, and technical quality of dwellings 
[2]. Furthermore, currently Chile presents an 
historical maximum in the number of informal 
settlements since 1996, with a steady increase since 
2014, and a structural break since 2019 that has 

accelerated the process [3]. In addition, the number 
of unrecoverable houses increased from 0.6% to 
1.5% in the period 2002-2017 [4].  

In this context, energy poverty is a serious problem 
to the whole country and with greater prevalence in 
the central and southern regions. This is a 
consequence of the extreme dependence on 
firewood for heating due to the cold climate, low 
quality of houses and the availability of firewood at 
much lower prices than other fuels like electricity or 
gas [5,6]. In these regions the use of firewood in the 
residential sector rises up to more than 80% in 
urban areas and more than 95% in rural areas [6]. 
Air pollution due to the combustion of large 
amounts of firewood, high household expenditure 
in energy and low levels of comfort inside dwellings 
are the consequence of a significant percentage of 
the population living in some level of energy 
poverty [5,6]. 

 

 

Research shows that poor quality of houses with 
low energy efficiency are the primary cause of this 
problem, forcing households to use heating devices 
most of the day [7,8]. This can be explained due to 
Chile’s housing policy presented above and the 
relatively new implementation of thermal 
regulations for new buildings in the country (first 
stage in 2000 and second stage in 2007). Therefore, 
nearly 70% of the houses in Chile were built before 
its implementation [7,8] and do not comply with 
thermal standards, which implies that they are not 
capable of maintaining an adequate indoor 
temperature without the use of large amounts of 
energy.  

 
To address the problem of air pollution, the State 
has developed Atmospheric Decontamination Plans 
(PDAs), which define measures for the cities that 
have been declared as saturated areas by 
particulate matter (PM2.5), as is the case of the 
largest cities in the south-central area of the 
country. These plans aim to improve air quality and 
include regulations regarding the use and 
improvement of heating systems, fuel quality, 
thermal quality of dwellings and education 
programs. PDAs have higher thermal requirements 
than the national thermal regulation, both for new 
houses and for the retrofit of existing houses. These 
programs align with numerous studies [8,9] which 
support the idea of focusing on energy efficiency in 
the residential sector, and particularly the 
retrofitting of existing dwellings. Nevertheless, 
these public programs have had a reduced impact 
because they have not been able to expand 
massively due to various barriers that can also be 
observed in energy retrofit programs in the 
international context. 

1.2 International experiences in retrofit programs 
     At a global scale, retrofit programs can 
contribute significantly to reduce global warming, 
improve energy efficiency in dwellings and can also 
be a key factor in tackling energy poverty, especially 
in low-income households. In many countries, the 
inability of households to afford a warm house is 
becoming a growing problem and studies in Europe 
have shown that income inequality is a major factor 
in the rise of energy poverty. In order to pay high 
energy bills, poorer households may forgo basic 
necessities like food and medicine. Furthermore, 
the energy efficiency of buildings can have a 
negative impact on residents' mental and physical 
health, as well as their well-being [10]. 

According to the EU Commission projection 
(2016/547/EU), the current average building 
renovation rate is much lower than the 3% required 

to reach carbon neutrality by 2050. The average 
retrofit rate in Europe is 0.4-1.2% per year, with 1.0-
3.0% in Germany and 0.4-1.0% in the UK. The 
residential sector is still a problem in many 
industrialized countries' energy policies. This 
sector's current energy efficiency gap is a 
consequence of market imperfections and the 
irrational behaviour of residential 
consumers. Numerous studies have examined the 
causes of this problem, and how to close this 
"energy efficiency gap" between retrofit 
possibilities and their implementation, particularly 
in low-income households [13]. 

Current public retrofit programs have not had the 
expected impact due to several economic, 
behavioural and administrative barriers. Economic 
barriers for retrofit in the residential sector include 
the lack of savings and the inability to get credit to 
upgrade inefficient appliances or 
infrastructure. Besides, in the face of uncertain 
future earnings, poorer households are more likely 
to be risk-averse. Low-income households may also 
have behavioural and informational barriers [14] 
and are less likely to be aware of their energy 
consumption and the savings that can be achieved 
by retrofitting [9]. Another barrier to retrofits is a 
lack of knowledge about available 
programs. Furthermore, low-income households 
may choose not to participate in certain programs 
because they do not address their particular 
vulnerability or because they misunderstand 
eligibility requirements [10]. Also, long application 
processes can be avoided by households, creating 
significant obstacles to the adoption of energy 
efficiency measures. 

These barriers suggest that new approaches are 
needed to design retrofit programs. Due to the 
historic dependence on government support from 
top-down schemes, as well as the lack of technical 
skills and awareness among households, co-creation 
approaches, grassroots initiatives and community-
led retrofit programs have emerged recently, 
approaching the challenge through mixed and 
community governance [15].  

A key way to overcome barriers for retrofit 
adoption is through community-led 
approaches. The sharing of learnings among 
community-led initiatives can contribute to better 
engagement and to the sharing of existing 
knowledge, especially between initiatives that have 
similar focuses or are located in similar areas 
[15]. These initiatives are designed to engage 
households, address energy poverty, create local 
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supply chains, and overcome financial 
obstacles. They may also empower communities to 
mitigate climate change, improve health and 
comfort, lower energy bills, and support a green 
economic recovery after the COVID-19 pandemic 
[16]. 

Other innovative models for retrofit programs focus 
on inclusive work that seek to understand 
homeowners' motivations and to make inclusive 
decisions about the retrofits [17]. This approach to 
decision-making can support the selection of 
improvements that offer substantial economic and 
energy benefits [15]. Before any building retrofit is 
implemented, it is crucial to involve the participants 
in the co-creation process. The residents of the 
houses have deep knowledge about their living 
environment and its problems, so participation is 
key to address these issues and implement 
measures that can produce long-lasting effects on 
their lives [17]. Furthermore, studies and pilot 
initiatives have demonstrated the importance of 
homeowners in cooperating and understanding the 
entire process and the need for energy efficiency 
improvements. Because of the complexity of the 
retrofitting process, there can be a major 
information barrier and the biggest failure in the 
energy efficiency retrofit is believed to be lack of 
information. Recognizing homeowners' information 
requirements for their engagement in the 
retrofitting process can increase their acceptance of 
energy efficiency measures [18].  

Another emergent approach is the public-private-
people partnership that highlights the need for 
sustainable development through the involvement 
of public administration, private actors, and citizens 
in a joint process. International experiences in 
terms of collaborative and participatory retrofit 
schemes that include various actors show that 
within the constraints of limited budgets for retrofit 
programs and subsidies, the redesign of the 
programs has the potential to achieve the greatest 
aggregate improvements in residential energy 
efficiency [10]. 

2. PILOT PROJECT 
     The methodology's first section examines retrofit 
programs’ components, both for the pilot and for 
the existing public programs in Chile. It then 
assesses if the components have been identified as 
being relevant to encourage participation and 
engagement and, therefore, improve performance 
[17-18,19]. Key components for engagement were 
identified in the pilot as well as the potential to 
include them in current public programs. 

The second part of the methodology evaluates the 
effectiveness of the pilot by comparing indoor 
temperature before and after the retrofit. 
Temperature measurements were taken for all 10 
houses that underwent retrofit. They were 
recorded using high-resolution iBUTTON 
Thermochron. This technology has been very 
successful for this purpose [20]. The dataloggers 
were programmed so that they record temperature 
every 30 min, which allows for continuous 
monitoring during the months of June and July, 
both in 2018 and in 2021. 

Based on indoor temperature measurements, 
energy efficiency improvements were compared in 
three steps: 
 
1- Average indoor temperature between 4 and 6 am 
for houses in Brisas de Guacamayo 2018. 
The average interior temperature of 8 standard 
dwellings in the neighborhood was measured 
during June and the first week of July 2018, 
between 4 and 6 am. In this time range, it is less 
likely that the heating device will be turned on, and 
therefore the thermal performance of the dwelling 
can be measured more clearly without interference 
from the heating practices of its inhabitants. 
 
2- Average indoor temperature between 4 and 6 am 
for houses in Brisas de Guacamayo 2021. 
The average interior temperature of 8 houses that 
participated in the pilot was measured, after the 
energy efficiency improvements. The temperature 
was recorded during June and the first week of July 
2021, between 4 and 6 am.  
 
3- Temperature comparison. 
Based on the temperature recordings for each 
dwelling, the average temperature for the 4 to 6 am 
period was calculated before and after the 
imrpovements. These averages were compared to 
identify if the energy efficiency measures produced 
an increase in indoor temperature.  
The houses in  “Altos de Mahuiza” were not 
included in this comparison, since the number of 
improved houses was too small to obtain relevant 
conclusions. One house in “Brisas de Guacamayo” 
was not included either, due to measurement 
problems. 
 
4. RESULTS 
     The results show that the pilot incorporates 
participatory components that current programs do 
not consider and that, according to international 
experiences, would allow increasing participation 
and therefore improvement of the effectiveness of 
these programs.  

 

 
The following table shows the phases and 
components of current programs and of the 
implemented pilot in comparison to international 
recommendations studied by Zang et al. (2021). 

 
Table 1: phases and components of current public 
programs and pilot program 
 

 
Although the pilot considers several innovative 
components that promote the involvement of the 
participants, increase market acceptance and the 
building of industry capacity still needs to be 
addressed, but exceeded the scope of the project. 
 
The results of the second phase of the methodology 
are shown in Table 2. In 2018, the average 
temperature of the Brisas de Guacamayo dwellings 
was 15.15°C during the studied period in winter, 
without the use of heating devices. This contrasts 
with the average interior temperature of 18.32°C 
measured in the same neighborhood after the 
energy efficiency improvements  of 2021, without 
the use of heating devices. 
 

Table 2. Average temperature of houses in Brisas de 
Guacamayo between 4-6am 

 
 
 

Year 2018 
House    Temp. (°C) 

 

 
 
 

Year 2021 
House    Temp. (°C) 

A* 14,95    1 17,8 
B* 15,68       2 * 15,4 

      C 18,77    3 19,16 
D* 13,91    4 19,89 
E* 14,50    5 19,48 
F* 13,48   6 16,41 
G* 14,79   7 17,71 

      H          18,62   8 20,73 

Average  15,15   Average 18,32 
 
*: houses with indoor temperature below 16°C 

 
This improvement is relevant, since it not only 
reflects an average gain of 3.17°C in indoor 
temperature after the energy efficiency 
improvements, but also implies a considerable 
reduction in the number of houses with 
temperatures below 16°C (from 6 to 1). This is 
considered a threshold below which there are 
strong increases in the risk of respiratory and blood 
pressure problems [21]. Furthermore, 50% of the 
improved dwellings mantained an indoor 
temperature above the 18°C threshold, which 
according to the World Health Organization is 
considered a healthy standard [21]. 
 
5. CONCLUSION 
     The results of the pilot, along with comparisons 
to international experiences, show that pilot 
programs encourage learning and produce 
recommendations for retrofit program design and 
implementation in order to overcome the barriers 
that were identified and presented in the previous 
sections (9, 14). The pilot proved that retrofit 
programs should be tailored to specific 
communities and groups to achieve the desired 
results. There is also an opportunity to include 
households in energy poverty in retrofit 
initiatives. These households are not usually 
involved in retrofit programs but are more likely to 
participate when participatory schemes are 
implemented. Pilot initiatives could facilitate the 
identification of the best components and the best 
design of the programs in order to accomplish this 
goal. 

 
Although community-led retrofits are an alternative 
to government-managed retrofits, they will not be 
able to provide large-scale residential 
improvements without the support of a broader 

International Recommendations Current 
Programs 

Pilot 
Program 

Preparation 
Phase 

-Objectives x x 
-Building energy 
data 

x x 

-Identify 
improvement 
potential 

x x 

Design Phase -Define and 
standardize 
retrofit options 

x x 

-Secure financing 
incentive bundles 

x x 

Pilot and 
Commissioning 
Phase 

-Engage with 
high-interest 
households 

 
x 

-Revise and 
improve schemes 

 
x 

-Provide financial 
support for more 
stakeholders 

 
x 

Utility Scale 
Implementation 

-Increase market 
acceptance 

  

-Build industry 
capacity 

  

-Establish bridges 
between 
homeowners and 
professionals 

 
x 

-Promote third 
party financing 

 
x 
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government program. Co-creation involves a group 
of diverse actors in order to create shared values, 
which can help overcome barriers [15], but these 
initiatives cannot be only self-managed in order to 
reach a greater scope and to maintain over time. 
Collaboration between local authorities and 
community initiatives is a way to improve efficiency 
and increase resources. Besides, to increase and 
expand programs, it is crucial to integrate top-down 
and bottom-up initiatives. It is also important to 
encourage coordination between the different 
institutions [17]. 

Furthermore, these initiatives have the potential to 
create other benefits, such as shared social value, 
democracy and empowerment of the community. It 
raises awareness about the link between energy use 
and environmental impacts, and promotes 
behavioural changes in households as well as in the 
community [18]. Pilot programs are a good way to 
experiment with design and implementation, as 
well as to include other stakeholders such 
professionals and contractors to help understand 
the scalability of the initiatives. 
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ABSTRACT: The way we build is evolving to deliver net-zero (energy and carbon) and healthy buildings. While this 
has been steadily adopted in developed countries, the housing demand is expected to be greater in countries under 
development, where people face wide barriers and challenges to embracing the net-zero future. The Passivhaus 
standard has played a critical role in the net-zero building process in North America and Europe. This paper 
explores how design research can be used to support the net-zero evolution using the Passivhaus standard as a 
building design model in Latin America while supporting the Sustainable Development Goals. 
Design research provides a comprehensive approach for research on net-zero and healthy buildings, construction, 
capacity building, and engagement activities involving academics, professionals, and policymakers. This work 
presents the lessons learned through different initiatives delivered in Latin America between 2020 and 2022. These 
initiatives developed using the Passivhaus standard are the LatamHaus Network, the Ice Box Challenge delivery in 
Santiago de Chile, and a workshop with academics to shape a collaboration agenda for future projects. This paper 
aims to present a model that can be replicated to support the decarbonisation challenges for developing countries, 
particularly those in the Global South. 
KEYWORDS: Passivhaus, net-zero buildings, Design research, Latin America  
 
 

1. INTRODUCTION 
In recent years, there has been much talk about 

levelling up our building stock to provide a zero-carbon 
future, particularly with regard to the building 
industry. While this is plausible in the developed 
world, the reality is very different in developing 
countries. Here, the opportunities and benefits of net-
zero buildings could be more meaningful as net-zero 
buildings approaches have been recently introduced 
[1] and the building stock is expected to grow above 
record levels [2], but they face key challenges and 
barriers to their uptake. 

The zero-carbon building concept is based on the 
energy balance calculation, where the energy 
consumption of a building is balanced with on-site 
and/or off-site energy generation systems — 
interacting with the utility grid. The goal is to reduce 
the energy consumption in buildings enough so that 
little energy produced on-site is needed for their 
upkeep. The Passivhaus Standard has been 
demonstrated as a method to achieve this goal around 
the globe [3], and even to be a positive energy 
building. 

A Passivhaus is "a building for which thermal 
comfort (ISO 7730) can be achieved solely by post-
heating or post-cooling of the fresh air mass, which is 
required to achieve sufficient indoor air quality 
conditions – without the need for additional 
recirculation of air [4]." The Passivhaus centres its 
design around five key principles: 1) adequate 

insulation, 2) thermal bridge-free construction, 3) 
airtight building envelope, 4) use of high-performance 
doors and windows, and 5) adequate ventilation, 
usually provided through Mechanical Ventilation with 
Heat Recovery (MVHR) systems (Figure 1). In the case 
of warmer climates, where solar radiation is 
considerable, such as those in Latin America, it is also 
suggested to take into consideration solar shading as a 
6th principle to avoid overheating [5]. 

 

 
Figure 1: Passivhaus principles. Source: Passive House 
Institute (https://passivehouse.com/).  

 
In recent years, the Passivhaus has started to 

expand outside of Central European climates where it 
was first born. Nowadays, there are Passivhaus 
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examples in China, New Zealand and Latin America. 
The Passivhaus uptake in Latin America started in 2013 
with an office building in Chile, followed in 2014 with 
the first home in Mexico City [1]. Since then, other 
buildings have followed, which have been extensively 
studied. These studies show evidence of thermal 
comfort [6], [7], energy [8], [9], economic [10], [11] or 
environmental [12] performance, as well as the 
feasibility [13], [14] of Passivhaus buildings in Latin 
America. 

Nonetheless, the uptake of the Passivhaus in Latin 
America faces several barriers and challenges. The 
most important are economic, social acceptance, local 
building regulations and the lack of energy-efficient 
targets in these countries [[1]. Latin American 
stakeholders had also identified these barriers in the 
work presented here. Between May 2020 December 
2020, the authors of this present paper have been 
working on developing an approach using design 
research methods to identify barriers and solutions 
and agents of change through a series of a series of 
initiatives planned for delivery between January 2021 
and December 2022: 1) developing a  network to 
support the Passivhaus in Latin America called 
LatamHaus (already in place), 2) the Ice Box Challenge 
in Santiago de Chile during the COP 26, and 3) an 
international workshop that brings academics to 
develop research projects that support the net-zero 
future. 

This paper does not intend to provide detailed 
insights on the planning, delivery and findings of these 
activities. Instead, it seeks to provide a framework for 
approaching challenges for net-zero buildings in 
developing countries throughout these three main 
steps. It also provides an overview of the insights and 
the lessons learned from activities 1 and 2. Therefore, 
this paper presents the framework so that it could be 
used and applied as a reference to support the 
decarbonisation challenges for developing countries, 
particularly those in the Global South. 

 
2. LATAMHAUS NETWORK  

The LatamHaus Network (www.latamhaus.net) is 
an initiative joining international efforts to bring 
academics, industry and policymakers together to 
discuss issues related to the uptake of the Passivhaus 
standard in Latin America. This Network was born 
through several talks between the Latin American 
Passivhaus Institute (ILAPH) with the Authors. The 
planned objectives were set up as three milestones for 
the Network: 1) serve as a key player in developing 
capacity-building activities in Latin America, 2) bring 
together people that are interested in the Passivhaus 
to shape the agenda for its development in their 
countries and the rest of Latin America, and 3) produce 
evidence-based on the views of different stakeholders 
on different initiatives to support the Passivhaus 
development. 

The Network, therefore, engaged with capacity 
building activities by offering scholarships to take the 
Passivhaus Designer Course for Latin America to 
academics, professionals and policy makers. Through 
this initiative, the Network seeks to plan several seeds 
of change in key stakeholders so that the Passivhaus 
principles can start to be embedded in the industry, 
academia and gradually into national policies. While it 
is difficult to appreciate the change in the short-term, 
some of the academics that received the training had 
already started to implement the Passivhaus design 
method into their teaching curricula, opening a 
broader view for net-zero building in their context. 

The Network also engaged with local academics to 
develop research collaboration that looks at the 
Passivhaus's feasibility in specific climate regions in 
different countries. These research collaborations are 
ongoing, but, when finished, will add peer-reviewed 
cost-benefit analyses for the Passivhaus, not only in 
terms of energy but also CO2 emissions and health. 
These collaborations had also highlighted the potential 
to include natural and bio-fibre construction materials 
in Passivhaus making use of the resources readily 
available in their doorstep. 

Although impacted by the COVID-19 restrictions at 
the time of the delivery, the second milestone was 
shaped into three online workshops supported by a 
digital whiteboard for interactive activities between 
the participants (Figure 2). These workshops 
supported the discussion about 1) barriers and 
challenges that the Passivhaus has in Latin America, 2) 
Passivhaus and the Sustainable Development Goals 
(SDGs) in Latin America, and 3) how to develop 
resilient neighbourhoods. With these workshops, we 
sought insights on how we can support the 
development of the Passivhaus but also give some 
background. Therefore, the formats of the workshops 
were in three sections: lighting talks delivered by key 
actors for each of the themes and one academic, 
interactive activity in groups, and finally, a summary of 
the group discussions to collate and bring all together. 

The critical lessons learned through these 
workshops are to develop initiatives that support the 
following: 

▪ Developing public engagement activities. 
▪ Cost-benefit analysis for the Passivhaus in all 

Latino America. Particularly environmental 
benefits (SDG 9), embodied energy (SDG 7), 
and health (SDG 3). 

▪ Technical studies and engagement with local 
manufacturers. 

 

Figure 2 Example of activities in the SDGs and Passivhaus 
workshop. Participants were asked to weigh the importance 
and effort needed to support the SDGs through the 
application of the Passivhaus. Source: Authors. 

 
▪ Support national and local policymaking. 

Finally, these lessons were used to inform the 
subsequent plans and modify the activities we had 
planned. Hence, the evidence from the different 
stakeholders and these lessons supported the delivery 
of the following two initiatives. These lessons were 
unavailable to support the action plan for the other 
activities. 
 
3. ICE BOX CHALLENGE 

The Ice Box Challenge is a citizen science 
engagement activity that involves building two boxes: 
one to local standard building practices and a second 
one to the Passivhaus Standard. The boxes are left 
outdoors with one ton of ice inside. After two weeks, 
the boxes are opened. The remaining ice is measured, 
demonstrating its effectiveness in keeping the heat 
out. By minimising the cooling/heating demand, on-
site renewable energy production could suffice to run 
a building. 

The Ice Box Challenge occurred between 
November 2nd  and 11th, 2021, in the Plaza de Armas in 
Santiago de Chile (Figure 3 and 4). This event was also 
organised with the momentum of the Ice Box 
Challenge in Glasgow and the COP26 highlighting the 
Santiago-Glasgow COP26 route. The Ice Box Challenge 
had three key objectives: 1) to run an interactive 'living 
lab' experiment where Santiago's citizens could get 
involved; 2) to provide scientific evidence of the 
performance of two 'buildings' with the same use, 
density, shape and climatic conditions but with a 
different building envelop; and 3) serve as a lab for 

undergraduate students across the country so they 
can explore and understand better the standard in a 
tangible way. 

The Ice Box Challenge has been a great tool not 
only to engage with the general public. It has proven 
invaluable to engage with local building materials 
producers and distributors, contractors and students 
to provide insights into the Passivhaus principles and 
construction methods explained through real-life 
experiences. An Ice Box Challenge was also delivered 
in Glasgow (July 23rd – August 6th, 2021). Glasgow's Ice 
Box Challenge provided the opportunity to engage 
internationally with students, professionals and 
academics in the UK to share their experiences 
delivering the Ice Box Challenge with their contra parts 
in Chile and start an international community to 
discuss shared interests. 
 

 
Figure 3: Ice Box Challenge in Santiago de Chile. Source: 
Authors.  
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Figure 4: Passivhaus box with the ice inside at the beginning 
og the 10 days (before closing the box - 1000 kg of ice). 
Source: Authors.  
 

Both buildings' indoor and outdoor temperatures 
and relative humidity were monitored and compared 
to provide rigorous evidence of the differences 
between both building standards. The Passivhaus 
remained close to 3.9°C - 5°C, remaining stable 
throughout the day throughout all the 10 days. The 
Chilean standard box ranged between 10°C – 19.2°C. 
After 10 days, both boxes were open and the 
remaining ice in them was measured. The Passivhaus 
box contained more than half of the ice with a total of 
645 kg (Figure 5) and the box built to the local 
regulations (Figure 6) had 415 kg less than the 
Passivhaus box (230 kg). The opening of the box was 
timed with the Buildings day at COP 26 in Glasgow, 
where we presented live the results with the Latin 
American Passivhaus institute (ILAPH) in Chile. 

 

 
Figure 5: Passivhaus box with the ice inside after 10 days (645 
kg of ice). Source: Authors.  

 
Figure 6: Local regulations box with the ice inside after 10 
days (230 kg of ice). Source: Authors.  
 

The key lessons learned from the Ice Box Challenge 
are the following: 

▪ The Living Lab demonstrated how the general 
public could understand the Passivhaus 
concepts and apply them to day-to-day 
scenarios. 

▪ It is essential that contractors and other 
people involved in the construction process 
understand the principles and why it is 
important to adhere to the specifications.  

▪  
▪ Used as a tool for teaching, through lectures 

and their practical application, the students 
got a deeper understanding of the Passivhaus 
principles.  

 
4. INTERNATIONAL WORKSHOP 

The delivery of the net-zero future is not the 
responsibility of one country but needs to be a 
collective, global effort. Supported by the findings of 
the LatamHaus Network, an exploration of 
international and cross-country projects to deliver a 
net-zero future is a clear next step. With this activity, 
we seek to identify and engage with critical 
organisations, industrial partners and academics to 
build international collaborations. 

To boost these interdisciplinary and 
intercontinental collaborations, we identified 
Passivhaus projects across Latin America, either built 
or under construction. The aim here is to map 
potential case studies. It has already enabled the 

 

authors to identify and engage with key industry 
actors, academics and national funding bodies. 
Further research will help shape national net-zero 
policies supported by world-leading studies that push 
the boundaries between the current building stock 
and the net-zero future in different countries. 

The international workshop seeks support from 
industrial partners and academics from Argentina, 
Brazil, Chile, Colombia and Mexico. Additionally, we 
seek support from academics within Latin America, the 
UK and EU, as well as support from international 
funding bodies such as Latin American Research 
Councils (i.e. CONACyT, COECYT), UK Research and 
Innovation (UKRI) and the UK PACT, among other 
venues of funding to establish international 
collaborations. 

Given that this activity is still to be delivered at the 
time of writing, there are no lessons learned or specific 
outcomes from this workshop. Nonetheless, we have 
had talks with the industrial partners and academics to 
develop a draft idea of how these collaborations may 
look. We hope to attract the required funding to 
develop different strategies that will support the 
Passivhaus development in Latin America. 

The LatamHaus Network suggested several courses 
of action. For example, while several Passivhaus 
projects are under development, only residential 
buildings have been the focus of scientific scrutiny. 
Hence, there is a need to conduct a large-scale, cost-
effective analysis of different Passivhaus case studies 
identified throughout Latin America[, such as office 
blocks…?]. Another course of action relates to the 
natural environment and its capacity to sequester CO2 
emissions in Latin American countries. Therefore, 
looking at how Passivhaus buildings can be supported 
through natural building materials to reduce even 
further their CO2 footprint. 

 
5. DESIGN RESEARCH ROLE 

Design research methods have allowed us to shape 
the net-zero agenda for our project. The use of 
research methods has been invaluable during the 
planning process to do the following: 

▪ understand the current state of net-zero  
buildings in Latin America, 

▪ respond through multidisciplinary 
approaches, 

▪ shape the situations into something that 
everyone can understand it, and 

▪ design outcomes and activities supported by 
the findings. 

More importantly, design research allows us to 
better understand particular communities' needs and 
shape the research around that. In other words, we 
want to conduct research that crosses the traditional 
research boundaries with a bottom-top approach 
where the research question comes from the 

community. Hence, these research projects are 
informed by the activities of the LatamHaus Network. 

Another crucial role of using design research 
methods to conduct and plan this kind of research 
project is that they provide the flexibility to 
incorporate both qualitative and quantitative research 
approaches and bend the traditional research 
boundaries to establish interdisciplinary research for 
all. Design research also enables academics to 
translate the research outcomes into tangible actions 
that can be applied and implemented at local, regional 
and national levels so that the research becomes an 
actor of change. 

 
5. CONCLUSION 

This paper presented a framework that can be 
exploited to introduce and start the discussion of the 
net-zero future in the built environment, considering 
social and academic aspects. The critical role of this 
framework developed through research design 
methods is summarised in three key points: 1) 
networking & capacity building, 2) engagement 
activities, and 3) research. 

Networking & capacity building provides the basis 
for the research activities. The main task here is to 
build a network of people interested in working 
together and support them to develop the necessary 
skills to become actors of change within their reach. 

Engagement activities provide the outreach for 
the research outcomes, but more importantly, open 
the science in a lay language that everyone can 
understand, helping so that they can be gradually 
absorbed in day-to-day life. 

Research provides interdisciplinary project 
development and rigorous testing of ideas to be 
incorporated into the net-zero building industry. 

Finally, the role of research design is to close the 
gap between academics and the general public, taking 
a bottom-top approach and translating the research 
outcomes into tangible actions for local communities. 
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ABSTRACT: The residential real estate market of Santiago Metropolitan Region encompasses 1,292 projects at 
march of 2021. Searching for projects that include sustainability certification or energy efficiency qualification 
becomes a great challenge through the real estate offer portals, which do not allow filtering sustainability 
variables as a segmentation attribute. The market share of highly energy-efficient homes is incipient, with only 
12 projects in the metropolitan region, which can be accessed from the institutional websites of banks that offer 
mortgage financing agreements, in recognition of their contribution in environmental, social and governance 
variables (ESG). On the other hand, the real estate financing of housing projects, analyses variables in technical 
terms and economic results of the project and of the company involved in its development. Given this it can be 
inferred that the supply of financing appropriate to the reality of housing projects with high energy efficiency 
does not differ with respect to projects that do not consider energy efficiency as an attribute that points towards 
ESG principles. The search for those factors that promote green financing to produce highly efficient homes will 
be part of this research. 
KEYWORDS: energy efficiency mortgage, Green Finance, energy efficient housing, sustainable real estate project 
 
 

1. INTRODUCTION  
The residential real estate market of the Santiago 

Metropolitan Region encompasses 1,292 new 
projects at the end of the first quarter of 2021, whose 
available supply totals 49,079 homes [1]. The search 
for projects that contemplate sustainability 
certification or energy efficiency certification 
becomes a challenge through real estate offer 
portals, which do not allow filtering sustainability 
variables as a segmentation attribute. On the other 
hand, through research, it has been possible to 
identify 12 projects in the same region that have 
either some type of certification or energy efficiency 
certification. This document studies the sources of 
financing used in real estate production and through 
the methodology of semi-structured interviews with 
agents participating in the financial market, the real 
estate sector and public institutions, it has been 
possible to identify a series of variables tending to 
increase the supply of green financing focused on the 
production of highly energy-efficient housing, which 
are related to the contribution that these projects 
generate towards the environmental, social and 
governance (ESG) variables that the institutions begin 
to monitor. 

 
2. BACKGROUND AND RELATED LITERATURE  

A background review has been proposed in 5 
sections related to the investigation: Regulations and 
public-private agreements, available energy and 
sustainability certifications, real estate financing 

models, green finances and finally the relationship 
between the energy efficiency of housing and the risk 
of mortgage default.  

 
2.1 Public policies and regulations aimed at climate 
change and green finance  

The Paris Agreement approved in 2016 was 
ratified by 55 countries responsible for 55% of 
greenhouse gas emissions with the objective of 
refocusing the global response to climate change, 
sustainable development, the eradication of poverty 
with three central axes, keeping the increase in global 
average temperature below 2°C, increasing the ability 
to adapt to adverse effects of climate change and 
bring financial flows to a compatible level that is 
conducive to climate-resilient development with low 
greenhouse gas emissions[2].  

The development of public policies related to this 
issue in Chile comes from the ratification of the Paris 
agreement in 2017, through the elaboration of the 
Green Agreement of Chile, which establishes 
commitments in five areas: i) Mitigation ii) 
Adaptation iii) Construction and Capacity Building iv) 
Technology Development and Transfer v) Financing 
[3]. This document points to the need to incorporate 
climate change risks into economic and financial 
decisions, identifying physical risks that can be 
transferred to the financial system through the 
impact of natural events on exposed economic 
sectors, and on the other hand, the Transition Risk 
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inherent to the adjustment process towards a carbon 
neutral economy. 

The Green Agreement additionally establishes the 
operation of a public-private Green Finance Table, 
which oversees managing risks and developing green 
financial policies and instruments that manage to 
detect and take advantage of market opportunities 
around climate change and the transition to a carbon 
neutral economy.  

The form of green financing begins to be 
proposed through the definition of eligible green 
projects, which are related to renewable energies, 
energy efficiency, pollution prevention and control, 
sustainable management of natural resources, among 
others, including ecological buildings [4]  
 
2.2 Certifications of energy efficiency and 
sustainability of homes in Chile 

Law 21,305 on Energy Efficiency, enacted in Chile 
in February 2021, has the purpose of preparing the 
National Energy Efficiency Plan [5]. The plan will be 
renewed every five years, whose first goal is to 
reduce energy consumption by 10% by the year 2030. 
Along with this, it establishes that all homes, public 
buildings, commercial buildings and offices must have 
an Energy Rating (EPC) to obtain definitive reception 
by the authority [6]. 

The Ministry of Housing, together with the 
Ministry of Energy, have developed the Housing 
Energy Rating System, which is mandatory for all new 
buildings of the aforementioned types, establishes an 
energy label that presents 8 categories that depend 
on savings energy that the Housing can provide, the 
obligatory nature of the qualification process enters 
into force together with the drafting of the 
regulations of the law. 

Additionally, the Ministries of Housing and Urban 
Planning, the Ministry of Energy and the Ministry of 
the Environment have developed the Sustainable 
Housing Certification (CVS [7]), which is currently a 
voluntary housing evaluation system which assesses 
aspects of its environmental, economic and social 
performance during the design and construction 
stages, which proposes three levels of certification.  

At the same time, it is possible to find in Chile 
some Certifications of international origin such as 
LEED, EDGE and PASSIVHAUS, which are managed by 
the Chilean Corporation for Sustainable Construction 
and Development, Chile Green Building Council, who 
have been operating since 2010, all of these point to 
high standards. energy efficiency and sustainability. 

The LEED certification is a multi-criteria 
certification system, which considers different 
aspects of sustainability and therefore considers the 
different potential impacts of a project during its 
useful life, also focusing on social and economic 
benefits and the efficient use of resources [8]. The 

EDGE certification (Excellence in Design for Greater 
Efficiencies, for its acronym in English), is an 
evaluation for new constructions that must meet a 
minimum saving of 20% in energy, 20% in water and 
20% in energy incorporated in the materials in the 
building.  

The Passivhaus certification, from Germany, has 
been available in Chile since 2010. It is a standard 
referring to houses with almost zero energy 
consumption based on an exhaustive procedure in 
the development of the project and its execution. To 
achieve this almost zero consumption, Passivhaus 
requires designing and building houses with a high 
degree of energy efficiency to achieve close to zero 
energy consumption. 

 
2.3 Green Finance, Energy Efficient Housing and 
Green Mortgages 

The European commission established the EU 
High-Level Expert Group on Sustainable Finance has 
delivered a series of recommendations aimed at how 
to direct the flow of capital towards sustainable 
investments. The process of preparing the 
recommendations has consisted of stages of analysis, 
which were submitted to public consultation 
(European citizens, non-financial sectors and public 
authorities), from the responses valuable information 
was obtained that allowed HLEG to develop a second 
part of analysis and preparation of new 
recommendations, which are in turn aimed at 
understanding that sustainable finances have a joint 
approach to the development of financial services 
that integrate ESG dimensions in all markets, 
practices, products and policy frameworks, which will 
imply reallocating investments on a large scale and 
close the sustainable development financing gap[9]. 

In relation to sustainable housing financing 
alternatives, it is first necessary to understand the 
aspects of financial alternatives, known as mortgage 
loans that can be of a fixed or variable interest rate, 
the study of consumers has determined that the 
greater the social vulnerability, they will opt for fixed-
rate mortgages, therefore, making future expenses 
more predictable for the household manages to 
reduce the risks of a lack of liquidity and 
consequently the probability of default [10]. 

On the other hand, the energy efficiency of the 
home has progressed, homes with a higher level of 
energy efficiency are being built. Even remodelling 
projects include energy efficient renovations in both 
North America and Europe. The consumer has 
become aware and understands that energy 
efficiency is amortized over the useful life of the 
works, through lower heating and cooling costs. 
Despite these trends, the market has not reached its 
full potential [11]. Financing obstacles come from 
moderate and median-income buyers and 

 

 

homeowners. Investors involved in the financing have 
been reluctant to do so, in part because they lack 
reliable data on loan returns on which to base their 
decisions. Green or energy efficient mortgages (EEM) 
are those mortgage loans that link the mortgage 
interest rate with energy efficiency, in some way 
(Souto, 2019). The fundamental idea is to offer 
economic benefits to creditors, for the purchase or 
reform of a home EEMs are currently financed by 
three entities: Fannie Mae, Freddie Mac and the 
Federal Housing Administration (FHA), which are all 
entities promoted by the US Federal Government. 
2.4 Energy efficiency in the Chilean housing real 
estate market 

The scientific evidence related to the study of 
energy efficiency and its performance certifications 
(EPC) is very dissimilar between countries with 
developed economies and is opposed to developing 
economies. The behaviour of energy labelling in the 
real estate market of Santiago de Chile, whose 
analysis was carried out using the Kansey Engineering 
and Kano Model methodology to identify the home 
buyer and their perception of energy performance. It 
has detected that the energy rating negatively affects 
the willingness to purchase, with the most relevant 
attribute being the perception that housing is a good 
investment [12]. 

In developed countries, using the methodology 
based on the declared preferences of consumers, a 
study on the relationship between the relevance of 
energy efficiency in the choice of housing for rent and 
purchase in Barcelona, indicates that, if people are 
informed of both the ranking EPC and its 
environmental and economic repercussions, in terms 
that are easy to understand, energy turns out to be 
the most relevant attribute compared to other 
characteristics related to the quality and functionality 
of a home[13].  

In the real estate market of Santiago de Chile, the 
attributes associated with energy ratings (which are 
linked to the score obtained) and knowledge of the 
certification scheme turn out to be inverse, that is, as 
the presence of the rating increases, the 
attractiveness of the home decreases, the energy 
rating of a home is perceived as a variable correlated 
with its price, which makes its purchase less 
attractive [12]. Other reasons are related to the 
perception of certification as an effective measure of 
the thermal efficiency performance of the home. 

 
2.5 Real estate financing models in Chile 

The cycle of the real estate process invites 
different types of actors from the financial sector to 
participate in the financing, the interest rate and the 
level of loan offered, reflect the perception of risk for 
each stage of the project life cycle [14]. This is 
separated into 2 phases, the first corresponding to 

the development that contemplates the acquisition 
of land, the design of the project and its specialties, 
the obtaining of permits, the construction and its 
municipal reception, the second phase corresponds 
to the operation at the moment in which income is 
obtained from the operation of the asset. The 
development phase is very intensive in financing and 
the associated risk is higher compared to the 
operation phase. The actors involved in real estate 
financing are varied, depending on the type of 
participation they establish, whether in the form of 
capital (acquisition of assets) or in debt (financial 
instruments and titles), they are made up of an 
industry of institutional investors in addition to the 
banks, as it shows in table 1. 

 
Table 1: Real estate financing participants  
 

Investor  AFP Insurance 
Company 

Investment 
funds Banks 

Financing type     
Actions X    

Public Funds X X   
Direct investment  X X  

Bonds X X   
Mortgages 

Loans  X  X 

Leasing  X  X 
Warehouse Land  X  X 
 

About the financing available to buy a house 
through mortgages, the Chilean market has created a 
financial instrument called mortgage debt securities, 
which is also supported by the monetary correction 
due to inflationary adjustment. 

 
2.6 Relationship between the energy efficiency of 
housing and the risk of mortgage default. 

The studies that relate energy efficiency with the 
risk of mortgage default have been developed mainly 
in European countries and the United States, and are 
based on the statistical analysis of mortgage history 
of single-family homes used by their owner, the 
analysis considers a comparative study between 
homes with energy efficiency certification and those 
without certification, it was possible to verify that the 
risk of non-payment of mortgages associated with 
Energy Star certified homes is significantly lower than 
mortgages of homes without certification[15]. 
Subsequently, the energy rating was introduced into 
the analysis within the mortgage default risk score, 
verifying that factors such as wealth, unemployment 
and lack of liquidity are the variables with the highest 
correlation with the risk of default [16]. 

Recently, the study of housing mortgages with 
energy certification in the Netherlands shows that 
there is a negative correlation with respect to the risk 
of default, which has not only originated in energy 
efficiency technology, but also with the legislation 
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that establishes a standard [17] that links the labels 
with the behaviour of the mortgages, detecting 
significant relationships between a high rating and a 
low payment delinquency, using a logistic regression 
model. The study concludes that incorporating 
information regarding the energy rating of the home 
in the mortgage risk analysis model is beneficial for 
the credit provider, being able to grant larger 
amounts with controlled risk compared to providers 
that do not incorporate all the information. 

 
3. METODOLOGY 

The research is of a qualitative nature, designed 
to develop an in-depth review of opinions that have 
been collected through the technique called semi-
structured in-depth interviews. The research design 
considered the selection of representatives of 
interest groups in the field of study, classifying them 
into groups of institutional or direct and indirect 
financial actors in the market. With these 
considerations, a search was made for normative and 
economic background, and specific literature and 
scientific articles that served as base material for the 
construction of conversation patterns related to the 
implementation of sustainable policies and finances 
that are oriented to the production of affordable 
housing. energy efficiency, from which the interviews 
were addressed. 

 
3.1 Compilation and analysis of normative 
antecedents 

The exhaustive search for regulatory and related 
information comes from various sources, beginning 
with public institutions: the Ministry of Finance, the 
Central Bank, the Commission for the Financial 
Market, the Ministry of the Environment, the Ministry 
of Energy, the Santiago Stock Exchange, and the Stock 
Exchange. Followed by publications made by advisors 
and recommendations: UNEP FI and the Principles of 
Responsible Banking together with the Principles of 
Responsible Investments. The IFC regarding 
environmental risk performance standards, The 
Principles for Green Bonds, The Equator Principles. 
Regarding the direct actors: Annual Reports, 
Integrated Reports, Strategic Development Plans of 
the actors consulted.  
 
3.2 Definition of specific agent profiles for the study 

The selection of specific profiles for the search for 
agents to study took into consideration, on the one 
hand, the contribution of public institutions in the 
generation of regulatory changes, regulations, public 
policies in sustainable finance that established goals 
and compliance related to the financial sector. On the 
other hand, the financing models of the real estate 
industry have been considered, considering the entire 
development cycle, namely, Investment, Project, 

Construction and Operation [12] The vision of the real 
estate developers themselves and of the appraisers 
who play a key role in the process of managing the 
mortgage loan is added as important additional 
profiles.  
 
3.3 Application of the interviews. 

Before conducting the interviews, a summary of 
conversation topics was prepared, which were sent to 
each agent as a conceptual framework for 
Development, the interviews were conducted 
electronically, with recording in some cases for later 
transcription. 

Faced with the limitation of not getting 
representatives of the institutions to interview, such 
as the Central Bank and the Commission for the 
Financial Market, these actors were replaced by 
interviews with the specialized press or through 
conferences held with a specific focus. in sustainable 
finance for the economic development of Chile. 

The agents interviewed are summarized in Table 
2, the type of institution, the method used to analyse 
the information, those cases in which it was not 
possible to obtain a direct interview are indicated 
according to the source from which it was observed.  

 
Table2: Agents studied and interviewed 

 
Investor  Public 

Institution 
Private 

Institution 
Method 

Treasury Ministry X  Interview 
Central Bank of 

Chile 
X  Webinar 

Commission for 
the Financial 

Market 

X 
 

Press 
Interview 

Bank of the State X  Interview 
Commercial 

banks 
 X Interview 

Investment fund 
managers 

 X Webinar 

Pension fund 
administrators 

 X Interview 

Insurance 
companies 

 X Interview 

Real estate 
developers 

X X Interview 

Appraisers  X Interview 
 

3.4 Systematization of information collected 
interviews and conferences 

To begin this process, it was necessary to carry 
out the transcription of interviews, review of notes, 
and selection of the thematic ideas addressed, with 
the purpose of investigating common and divergent 
factors that could give an idea of the central aspects 
that will allow progress towards the proposed 
objectives 

 

 

 

4. FINDINGS  
Since the establishment of the public-private 

green finance table, the actors involved are making 
progress in incorporating the risks of Climate Change 
in their decisions and have raised business 
opportunities related to ESG variables. Public 
institutions propose new regulations and standards 
that private institutions must incorporate, these 
regulations favour the development of new green 
financing, highlighting the products developed by 
Banco Estado as public banking, in the financing of 
Eco-efficient homes whose characteristic is the 
energy rating A, B or C, and the certifications 
available in the market, participates in the form of 
financing the construction of the project and also in 
the purchase of homes through mortgage loans. 
Likewise, on the part of private actors, Banco 
Santander has also developed green mortgage 
financing, aimed at projects with sustainability 
certification whose development has been aligned 
with the group's policies. 

Within the arguments received by the agents 
interviewed, it was possible to find a line of 
convergent arguments and another line of divergent 
arguments. The converging arguments point to the 
transversal recognition of climate risks as a source of 
financial risk, and therefore the incorporation of ESG 
variables is important in the decision-making process, 
for this process to be successful in its 
implementation, it must necessarily be contained in 
the strategic planning of the organization, where the 
commitment of the board of directors is key in terms 
of providing attributions to ESG risk managers. The 
agents also agree that the lack of transparent, 
truthful and available information regarding 
compliance with ESG variables of investment 
alternatives can lead to confusion for investors who 
participate in secondary markets. The private banks 
pointed out that together with the implementation of 
the final rule on reporting ESG variables to the CMF, 
positive incentives should be generated, as opposed 
to disincentives in the form of taxes or mitigations, 
these incentives could be related to a better 
classification of risk of the institution that participates 
in ESG financing, as these are associated with greater 
resilience. At a deeper level of analysis regarding the 
financial institutions that are involved in the 
production of housing, currently only evaluating the 
technical and economic background of the project, 
the development company and its partners are open 
to incorporating ESG variables into said analysis, all 
once the Commission for the Financial Market makes 
the reporting of these variables mandatory, regarding 
which the regulations are under consultation. The 
financing of houses with energy efficiency, could 
comply with the ESG variables only if the Project in its 
entirety has Certification, in this sense the Energy 

Efficiency Law and the process of Energy Rating of 
Housing is a limitation that hinders the financing 
operation. 

The line of divergent arguments can be seen 
among the financial institutions that have already 
developed green mortgages, of those that have not 
yet done so, the former recognize that these are 
projects that present better performance in terms of 
their economic return, since as they are ESG 
alternatives, they are investments that are less 
vulnerable and more resilient to risks. For their part, 
those institutions that have not yet developed ESG 
financial instruments, when faced with the decision 
to participate in the financing of a housing project 
with EPC, point out that it is not an easy approval 
process, because these projects present construction 
costs and sales prices higher than traditional housing 
projects located in the same environment according 
to market studies prepared by the same committee. 
This is also manifested in uncertainty regarding 
expected sales. 

The aspects related to the financing of housing 
mortgage loans with EPC, these institutions only 
associate a better behaviour against non-payment 
due to the fact that they are housing projects aimed 
at high-income consumers, they do not associate it 
with savings in energy consumption produced by the 
energy efficiency and other sustainability facilities 
that the project incorporates. Faced with this issue, 
developers state that these projects are effectively 
aimed at high-income consumers, since they have the 
means to economically access sustainability 
equipment, however, this does not mean that they 
value sustainability as attributes over others such as 
location, design features and finishes and additional 
equipment offered by the market. This is consistent 
with the argument made by real estate appraisers, 
since they point out first that the certificates 
themselves have no effect on the willingness to pay, 
but rather that some architectural components that 
are evaluated in the certification, such as double-
glazed windows and high energy performance 
enclosures (PVC window frames) and cellular 
concrete structures. Due to the above, the 
developers explain that the motivation to develop 
housing projects with EPC arises from the need to 
adopt differentiation strategies in the case of private 
housing. However, since these are subsidized housing 
projects with public resources, attributes of energy 
efficiency and sustainability are incorporated to 
obtain a higher score for the application of the 
project to be awarded the development funds. 

 
5. CONCLUSION 

In a transversal form, opinions have been 
collected from the interviews that demonstrate the 
fact that both the real estate market associated with 
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housing projects with energy efficiency certification, 
as well as the offer of specific sustainable financing 
aimed at these real estate assets, is meagre. 

The factors that can stimulate the supply of green 
financial instruments for housing production emerge 
from the converging arguments found and are mainly 
associated with the development of public policies, 
regulations and economic incentives. Public policies 
with a tendency to massively incorporate 
sustainability in construction, which could be 
integrated in a standardized way in the production of 
housing. Energy Efficiency Law in force with the 
different regulations, without a doubt they should 
strengthen the diffusion of Certification and Energy 
Rating of homes, in terms that are understood by the 
common citizen who is evaluating the purchase of a 
home. In relation to the regulations, the institutions 
refer mainly to the final publication and application of 
the general standard that integrates ESG variables in 
the annual reports of the institutions that issue 
securities on the stock exchange, their clients and 
suppliers. Regarding the economic incentives, two 
options were expressed, the most repetitive consists 
of the tax reduction of territorial tax or similar that 
would act as an incentive to the buyer, the second 
stimulates the financial sector, since they associate 
the incorporation of ESG variables with a better 
management of their risks, with which they hope to 
obtain a better risk classification in the market, which 
also has a positive impact and stimulates the 
promotion of home financing with EPC. 

Advances in these public policies and regulations 
have not yet been developed with levels of detail that 
allow directly incentivizing the promotion of green 
financial products aimed at the production of highly 
energy-efficient homes, which, due to their 
composition, comply with ESG variables. The small 
size that this market currently has makes it difficult to 
create short- or long-term debt portfolios with a 
sufficiently attractive volume for investors looking for 
projects with ESG variables. 
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ABSTRACT: In recent decades, the interest in evaluating the environmental performance of historic buildings has 
increased in Brazil. However, studies are still punctual. This study aims to thermally and economically evaluate 
the Casa do Colono Museum, localized in Petrópolis (Brazil), by applying different insulation materials on its 
envelope and installing a portable heater on its rooms. By using the DesignBuilder tool, simulations for the 
naturally ventilated model in its original state and 26 alternative cases were performed. As result, the original 
case presented expressive heat gains through the roof, causing discomfort by heat on 28% of the working hours 
on the upper floor. The insulation materials tested lowered the heat conditions, especially on the upper floor, 
while little improvements were observed in reducing cold conditions. In contrast, the use of the portable heater 
lessened the discomfort by cold on the ground floor but increased heat on the upper floor. The case with the best 
cost-thermal benefit was the 1 cm-EPS applied on the roof and 5cm-EPS installed in some walls of the ground 
floor, which would cost $356. This study highlights the importance in predicting the balance between cost and 
thermal performance when rehabilitating a heritage building. 
KEYWORDS: Heritage, Economic, Thermal performance, Brazil, Computational Simulation 
 
 

1. INTRODUCTION  
In 2015, the United Nations (UN) created the 

Sustainable Development Goals to be met by 2030. 
Among the targets, it was recommended that nations 
strengthen their efforts to protect and safeguard the 
world's cultural and natural heritage [1]. Besides 
being a strategy that allows the preservation of the 
cultural aspects for future generations, protect 
heritage buildings may also reduce the environmental 
impacts from their demolition and construction of 
new buildings [2]. In addition to the importance of 
maintaining the cultural identity of a region, 
rehabilitating a building is also an opportunity to 
reduce energy consumption and CO2 emissions 
necessary for its operation [3]. 

In Brazil, there are 1192 listed buildings by the 
National Institute for Historic and Artistic Heritage 
[4]. However, despite the numerous programs to 
encourage the safeguarding of national heritage over 
decades, governments strategies were often 
conflicting, weakening the preservation policies [5]. 
Although the country has recently presented 
regulations for the energy efficiency of new buildings 
[6], it still does not have regulations aimed at historic 
buildings.  

Some national studies have dealt with the thermal 
performance of historical buildings considering 
different approaches. Some studies have analysed 
historical buildings in their current state and use, 
making environmental diagnosis [7,8], while others 
have compared their conditions before and after a set 
of proposed interventions, such as the insertion of 

shading devices [9], different types of glass [10] and 
insertion of insulation materials into walls [11] and 
roofs [12]. The work by Fernandes and Labaki [13], on 
the other hand, with a less conservative nature, 
considered the implementation of a solar chimney on 
the building facade. Moreover, there are studies that 
focused on the sustainability of the historic buildings. 
In particular, the work of Apolônio et al. [14] that 
proposed a retrofit according to the principles of 
sustainability. However, when rehabilitating a 
building, it is also important to look at beyond 
quantitative aspects, protecting its constructive and 
cultural aspects, which create identities and 
memories. 

Unlike Europe, which concentrates most research 
on the thermal performance of historic buildings [15], 
in Brazil these studies are still punctual, although 
there is a vast collection of historic buildings in the 
country. One reason for that is the insufficient 
resource destinated to the preservation and 
maintenance of historic buildings. Additionally, 
economic analysis is frequently neglected, detaching 
academic research from practical design. Thus, this 
study aims to thermally and economically evaluate 
the application of different insulation materials on 
the envelope (roof and walls) of the Casa do Colono 
Museum, localized in Petrópolis, Brazil.  

Petrópolis, also known as the Brazilian Imperial 
city, was founded by Dom Pedro II on March 16, 
1843. The city was the site of the construction of the 
Imperial family's summer palace, with the aim of 
escaping from the heat and epidemics of Rio de 
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Janeiro. With the objective of populating the region, 
the immigration of Europeans, mainly Germans, was 
encouraged. From then, the immigrants started to 
build their houses and stabilizing in the region [16]. 

Listed by the CMTHCA - Municipal Council for 
Historic, Cultural and Artistic Listing –, the Casa do 
Colono Museum was built by a German immigrant in 
1847. It is a unique construction that was built with 
vernacular techniques, and it is the only one in the 
city that shows how the first German emigrants lived 
in Brazil. Nowadays, furniture, household utensils, 
personal objects, paintings, and photographs are 
exposed to the visitants. The house is an icon of the 
city and a source of cultural and architectural 
knowledge. It had received 24.298 visitors in 2019, 
with an increase of 23.7% compared to the year 
before [17]; among them, 17.709 were students from 
403 different schools.  
 
2. METHODOLOGY 

For this study, computational models of the 
Museum with the original construction and 
alternative materials were developed on the Energy 
Plus-based software tool Design Builder (Fig.1).  Ten 
thermal zones (Fig.2), following the building rooms 
and the circulation area, were considered. 
Characteristics of the surrounding environment, such 
as vegetation, were not considered. 

 
Figure 1:  
Model and photo of the Casa do Colono Museum.  

 
 
2.1. Petrópolis climate characterization 

Weather data based on the test reference year 
(TRY) of Petrópolis was used. The city is classified as 
warm and temperate climate according to Köppen 
and Geiger, with the mean annual temperature and 
relative humidity of 13.6°C and 89.5%, respectively. 
The average monthly wind speed is 4m/s. The city is 
at 838 meters above sea level (latitude 22.3° S, 
longitude 43.1° W) in a mountain region.  

In general, during cold seasons (from June to 
September), the air temperature levels are at the 
lowest, reaching on average 11°C, while during the 
summer, the average air temperature reaches 22°C. 
Precipitation and humidity levels are at its lowest in 
July and August (83% and 51mm on average, 
respectively). On the other hand, during the hot 
seasons, humidity reaches a peak of 95% and 
accumulated precipitation reaches 960mm. 

 

2.2. Model description  
The museum building has two floors, with a 

management room and five exhibition rooms on the 
ground floor and two more exhibition rooms on the 
upper floor. The construction was carried out from 
several construction techniques due to the 
adaptations made over the years. Thus, the building 
has the external walls made of adobe, rock and 
masonry and the internal walls of wood-to-pike and 
masonry. Regarding the floor materials, they are 
made of stone in the exhibition rooms 4 and 5, and 
timber floor in the other rooms. In addition, the 
foundations were made of raw stone and the roof is 
in fibber cement tiles. Figure 2 shows the internal 
layout and the different walls of the building. 

 
Figure 2:  
Internal layout and walls materials of the museum 

 
 

 For the openings, wooden doors were considered 
100% open for the visitation time. However, the glass 
windows of the ground floor were 50% open and 
wooden windows on the second floor and in rooms 4 
and 5 were set 100% open for 10 minutes every 1 
hour during the visitation times. Table 1 shows the 
original building fabric materials characteristics and 
the internal heat gains considered. 

 
Table 1:  
Characterization of the building model. 
 

Building envelope Thickness 
(cm) U (W/m².K) 

External adobe wall 45 1,77 
External rock wall 45/24 2,581/3,05 
Internal rock wall 24 2,39 
Internal wattle and 
daub wall 14 3,20 

External masonry wall 24 2,44 
Internal masonry wall 14 3,21 
Rock floor 40 3,08 
Timber floor 2 2,42 
Fibrocement roof 0,8 6,73 

Occupancy schedule  People 
(W/m²) 

Equipment 
(W/m²) 

8:30 a.m. to 4:30 p.m. 13,8 1,97 

Door open schedule Glass and wooden windows 
schedule 

8:30 a.m. to 4:30 p.m.  10 minutes every 1 hour 

 

 

2.3. Modelling process and simulation analysis 
The simulation of the original case was used as a 

benchmark reference for evaluating the influence of 
different materials and active heating systems on the 
building thermal performance. Thus, alternative cases 
using different thermal insulation materials and 
portable heater were modelled and simulated. 

Firstly, different materials and thickness were 
applied on the ground and upper floors, as well as on 
the roof and on the external walls of the 
administration room and exhibition rooms 1, 2 and 3. 
For the analysis, the standard ASHARE-55 [18], which 
uses the adaptive approach to consider the indoor 
acceptable temperature as a function of the outdoor 
air temperature, was used. 

For the whole roof of the building, six insulation 
materials were applied between the two existent 
layers of fibrocement tiles. The application 
considered the implementation of the material 
without compromising the visual aspect of the 
building. Figure 3 shows the original and the modified 
roofs. 

 
Figure 3:  
Schematic section of the original and the modified roofs.  

        
 

In addition, different thicknesses of insulation 
materials were considered. Table 2 characterizes the 
alternative materials evaluated. They were selected 
as they are the most commonly national used 
nowadays and are regulated by specific Brazilian 
technical standards. The thermal transmittance 
values of some materials were collected from the 
NBR 15220 [19]. 

 
Table 2: 
Insulation materials characteristics for roof. 
  

Material Thickness 
(cm) U (W/m².K) 

Rock wool 1/3/5 2,660/0,975/0,791 
Cork 1/3 2,827/1,327 
Ceramic fibber 1/3/5 4,772/3,113/2,309 
Expanded 
polystyrene (EPS) 1/3/5 2,477/1,107/0,712 

Extruded polystyrene 
(XPS) 1/3 2,233/0,965 

Polyurethane foam 1/3/5 1,958/0,816/0,515 
 

Thenceforth, to limit the heat lost from the 
external walls, alternative models with insulation 
materials applied on those surfaces were also 
simulated. In those cases, expanded polystyrene - EPS 
(1cm) was set for the roof. Exhibition rooms 4 and 5 

remained with the original materials. Three different 
insulation materials were considered: rock wool, 
expanded polystyrene (EPS) and polyurethane foam. 
They were applied between the masonry and the 
plaster on the inner side of the wall (Fig.4).  
 
Figure 4:  
Schematic section of the original and the modified walls.  

  
 
Different thicknesses of such materials were 
considered. Table 3 characterizes the materials 
evaluated. In total, 25 cases were simulated and 
analysed for this passive approach. 
 
Table 3:  
Insulation material characteristics for walls.  
 

Insulation 
Material Wall Thickness 

(cm) U (W/m².K) 

Rock wool External 
rock  1/3/5 1,738/0,999/

0,679 

Rock wool External 
adobe  1/3/5 1475/0,906/

0,634 

EPS External 
rock  1/3/5 1,633/0,899/

0,620 

EPS External 
adobe  1/3/5 1,339/0,823/

0,583 
Polyurethane 
foam 

External 
rock  1/3/5 1,390/0,697/

0,475 
Polyurethane 
foam 

External 
adobe  1/3/5 1,216/0,651/

0,444 
 

Regarding the active system, one case was 
simulated and analysed. A portable heater was 
installed in all rooms of the ground floor. This was not 
considered on the upper floor as the roof heats the 
rooms naturally. Table 4 shows the data set to 
simulate the portable heater. 

 
Table 4: 
Portable heater data. 
 

Operating time Fuel Heating system 
type 

8:30 a.m. to 4:30 p.m. 
(On 30min/Off 30min) 

Electric Radiant and 
convective 

 
In order to examine the feasibility of the systems 

implemented, budgets assessments were carried out 
for the tested cases. Table 5 shows the prices (in 
dollar) of each insulation material and for the 
portable heater. For the last the cost the energy 
consumed is also shown. Cost regarding installation 
was not considered. 
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Table 5:  
Cost of thermal insulators and portable heater. 
 

Material Cost of 1m² ($) 
Rock wool 16.62 
Cork 12.84 
Ceramic fibber 28.62 
Expanded 
polystyrene (EPS) 

2.09 

Extruded 
polystyrene (XPS) 

3.46 

Polyurethane foam 31.89 
Equipment Equipment cost ($) KW/h ($) 

Portable heater 3.676 0.17 
 

3. RESULTS AND DISCUSSION 
3.1 Thermal acceptance and heat gains of the 
original case 

Results of the original case indicated different 
thermal acceptance levels on the building rooms. On 
the ground floor, 55% of the working hours was in 
thermal acceptability, i.e., 80% of people accept the 
thermal conditions in the museum during 55% of the 
working hours. On the other hand, in 44% of the 
time, people are in discomfort by cold and 2% by 
heat. Differently, on the upper floor, the thermal 
acceptability reached 43%, while 28% of time people 
was in discomfort by heat, and 30% by cold. Fig. 5 
shows the expressive contribution of heat gains 
through the roof, which is the main cause of 
discomfort on the upper floor. Besides that, it is 
possible to notice that the discomfort by cold occurs 
as a consequence of the heat loses through the walls 
and external ventilation. 

 
Figure 5:  
Heat gains and losses of the Museum in its original state 

 
 
3.2 Thermal acceptance of roof alternative cases 

From the application of different thermal 
insulation materials on the roof, Table 6 shows the 
thermal acceptance of all cases tested. It is possible 
to notice that on the upper floor, the moments of 
discomfort by heat reduced and the comfortable 
moments increased with the application of the 
insulation materials. It is also clear that comfortable 
hours increase with thicker compositions.  

On the other hand, on the ground floor, the hours 
of discomfort due to the cold conditions increases 
and the comfortable moments are reduced with the 
increase of the thickness of the thermal insulation 
materials applied. Thus, the use of insulation 
materials limits the heat coming from the roof 
towards the lower floor.  
 
Table 6:  
Thermal acceptance of roof alternative cases. 
 

Material 
(roof) 

Discomf. 
Cold Comfort Discomf. 

Heat 
ground / 

upper 
ground / 

upper 
ground / 

upper 
Original case 44%/30% 55%/43% 2%/28% 
Rock wool (1cm) 50% / 34% 50% / 51% 0% / 15% 
Rock wool (3cm) 54% / 37% 46% / 59% 0% / 4% 
Rock wool (5cm) 55% / 40% 45% / 59% 0% / 1% 
Cork (1cm) 50% / 34% 50% / 52%  0% / 14% 
Cork (3cm) 55% / 40% 45% / 58%  0% / 3% 
Cer. fibber (1cm) 46% / 32% 54% / 44%  0% / 24% 
Cer. fibber (3cm) 48% / 34% 51% / 49%  0% / 17% 
Cer. fibber (5cm) 50% / 35% 50% / 52%  0% / 13% 
 EPS (1cm) 50% / 34% 50% / 52% 0% / 14% 
 EPS (3cm) 54% / 38% 46% / 59%  0% / 3% 
 EPS (5cm) 56% / 40% 44% / 59%  0% / 1% 
 XPS (1cm) 51% / 35% 49% / 53%  0% / 12% 
 XPS (3cm) 55% / 39% 45% / 60%  0% / 1% 
Polyur. foam (1cm) 51% / 35% 49% / 55%  0% / 10% 
Polyur. foam (3cm) 55% / 40% 45% / 59%  0% / 1% 
Polyur. foam (5cm) 57% / 41% 43% / 58%  0% / 0% 

 
It was also observed that the uncomfortable hours 

due to hot conditions on the upper floor present a 
considerable variation according to the material used, 
varying from 0 (polyurethane foam) to 24% (ceramic 
fibber). It was also noted that in all the alternative 
cases, the cold conditions on the upper floor 
increased, reaching up to 41% (5cm-polyurethane 
foam).  

Considering the efforts to the reduce the heat 
moments on the upper floor, the ceramic fibre was 
the insulation material with less benefits to the 
model. While other materials reduced the moments 
of heat conditions by 18%, on average, the 
application of the ceramic fibre resulted in more 
similar values to the original case. It was also noted 
that some cases presented similar results, such as 
Rock wool (5cm), EPS (5cm), XPS (3cm); Polyur. foam 
(3cm). In those cases, there was a considerable 
reduction on the heat moments, although the 
moments of discomfort by cold increased in about 
11%.  

Comparing the cost of the materials and 
considering the similarity of the thermal acceptability 
of the cases presented, the EPS was considered the 
most appropriate material to the Museum roof. Its 
application would cost $270. It is also important to 

 

 

notice that the most expensive materials are not 
always the most suitable for a particular objective. 

 
3.3 Thermal acceptance of wall alternative cases 

In order to improve discomfortable conditions 
due to cold conditions on the ground floor, different 
thermal insulation materials on the walls were tested 
(Table 7). The comfortable moments on the ground 
floor increased in all cases. The improvements were, 
however, only from 1 to 5%, when comparing to the 
original case. Comparing the alternative cases, it was 
noticed that the case that used polyurethane foam 
(5cm) was the option with the highest improvement 
in comfortable conditions on the ground floor. 

It was also noticed that the moments of 
discomfort due to heat conditions on the upper floor 
was reduced by 12% or 13% with the thermal 
insulation materials tested and the hours in 
discomfort moments due to heat conditions achieved 
1% or stayed the same. Thus, by applying a layer of 
thermal insulation to the ground floor walls and to 
the roof resulted in a reduction of moments in 
displeasure by the cold on both floors, as well as a 
reduction in heat discomfort on the upper floor.  

 
Table 7:  
Thermal acceptance of wall alternative cases. 
 

Material (wall) 

Discomf. 
Cold Comfort Discomf. 

Heat 
ground / 

upper 
ground / 

upper 
ground / 

upper 
Original case 44%/30% 55%/43% 2%/28% 

Rock wool (1cm) 43% / 33% 56% / 51%  1% / 15% 
Rock wool (3cm) 40% / 33% 58% / 51%  2% / 16% 
Rock wool (5cm) 39% / 32% 59% / 51%  2% / 16% 
 (EPS) (1cm) 43% / 33% 56% / 51% 1% / 15% 
 (EPS) (3cm) 40% / 33% 58% / 51%  2% / 16% 
 (EPS) (5cm) 39% / 32% 59% / 51%  2% / 16% 
Polyur. foam (1cm) 42% / 33% 57% / 51%  1% / 16% 
Polyur. foam (3cm) 39% / 32% 59% / 51%  2% / 16% 
Polyur. foam (5cm) 38% / 32% 60% / 51%  2% / 16% 

 
In fact, the application of insulation materials 

caused a reduction on the uncomfortable moments 
by heat, especially on the upper floor, but little 
improvements were observed in reducing cold 
conditions.  

Similar to the result of the roof simulations, the 
best option to improve the thermal comfort of the 
Museum was the polyurethane foam. However, 
considering the cost of the material and the little 
improvements in relation to the others, it is 
recommended that EPS is a viable option for the 
Museum. The application of such material would cost 
$356 to be applied to the building.  

 
 
 

3.4 Thermal acceptance with portable heater 
With the objective of reducing the hours of 

discomfort due to cold conditions on the ground 
floor, a portable electric heater was installed in all the 
exhibition rooms on the ground floor. From this case, 
the comfortable moments on the ground floor 
increased in 16% in relation to the original case. It is 
also important to notice that the discomfort by heat 
on the upper floor increased only in 1% compared to 
the original case. 

Comparing the price of this system with the 
isolation materials tested the installation of the 
portable heater is more expensive. The equipment 
cost 3.676 dollars and the electricity bill would be 
around 17.457 dollars per year. Therefore, from the 
simulations it was possible to notice the difficulty of 
achieving thermal comfort for both floors with the 
same system.  

 
Table 8:  
Thermal acceptance with the portable heater. 
 

Active system 
Discomf. Cold Comfort Discomf. 

Heat 
ground / 

upper 
ground / 

upper 
ground / 

upper 
Original case 44%/30% 55%/43% 2%/28% 

Portable heater 27%/27% 71%/44%  2%/29% 
 
The initial analysis of the conditions of the real 

building was important to identify the constraints of 
the building thermal performance, informing the heat 
gains and losses. The analysis of the of costs of the 
materials and equipment tested is also a beneficial 
resource to support the decisions to be made by 
designers.  

 
4. CONCLUSION 

This study aimed to thermally and economically 
evaluate the application of different insulation 
materials on the envelope (roof and walls) and the 
implantation of a portable heater of the heritage Casa 
do Colono Museum, an important construction for 
the history of Petrópolis, Brazil. In general, the main 
findings include:  

• Fibre ceramic was the least suitable 
thermal insulation material to be applied 
as it presented similar results to the 
original case; 

• Polyurethane foam had the best result 
among the cases tested, but is the most 
expensive material; 

• EPS was the most suitable thermal 
insulation material for the building, 
considering the balance between thermal 
performance and cost; 

• The application of thicker rock wool, EPS 
and polyurethane form into the walls 
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resulted in a slightly increase in cold 
discomfort and a gradual increase of the 
comfortable moments. 

• The use of the portable heater resulted in a 
considerable improvement in hours of 
discomfort by cold, with similar 
discomfort by heat to the original case on 
the upper floor. 

• The use of the portable heater may 
increase the comfortable conditions of 
the museum by 16%, but with a great 
expense.  

Based on the findings above, it is indicated that 
EPS is applied to both roof and wall. The total 
expenses for the installation of the 5cm EPS thermal 
insulation on the roof would be $270 dollars and will 
result in a 10% improvement in hours of comfort on 
the upper floor; mitigating hours of discomfort. 
Furthermore, the application of 1cm-EPS on the roof 
and the 5cm-EPS on the ground floor walls would 
result in an increase in comfort by 5% on the ground 
floor and 8% on the upper floor. The total cost of this 
procedure would be $356 dollars.  

As the historic building evaluated is listed, 
interventions that alter the appearance of the 
building's facades or its internal characteristics were 
not possible. Thus, this study demonstrates the 
difficulty in proposing interventions in a warm 
summer and cold winter climate, while maintaining 
the building original characteristics. It is important to 
note that the assumptions made, and the limitations 
related to the computational models are unlikely to 
capture the exact usage, occupancy profiles, climate 
and site conditions. 

Lastly, the Casa do Colono Museum still has many 
possibilities to be explored to improve its thermal 
comfort. Active and passive systems such as 
underfloor heating and earth tube may also be useful 
to improve the thermal performance without altering 
the visual appearance of the building. Also, changing 
the window glass and the use of thermal paints are 
possibilities to improve the thermal sensation of the 
building users.  
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Analysis of isolated shrubby-arborean species as a barrier to 
winds for urban thermal comfort 
Methods to obtain the leaf area index 
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ABSTRACT: Wind is a determining factor to obtain optimized thermal comfort conditions in open spaces. Analyzing 
the composition of shrub-tree species and their efficiency as a barrier to winds is important for urban thermal 
comfort, architectural landscaping and urban forestry. The present study is part of the author's doctoral research; 
empirical data about wind velocity attenuation was collected for 16 shrub-arborean species on the campus of the 
Technological Research Institute (IPT) at the University of São Paulo (USP) in São Paulo city, Brazil, and the results are 
being related to the Leaf Area Index (LAI) of species. There are different methods of obtaining the LAI; this research 
evaluated the best way to obtain this parameter for isolated arboreal elements as a wind barrier using two indirect 
(non-destructive) methods: using the Equipment LAI-2200C Plant Canopy Analyzer, and fisheye photos with digital 
camera with wide angle lens, which were applied to Gap Light Analyzer. Considering that the records of fisheye 
photos and LAI 2200C were taken in the same positions and conditions, it can be concluded that, for isolated plant 
elements, the use of fisheye photos is more appropriate, since these photos may have the useful area selected by the 
GLA program. 
KEYWORDS: Outdoor comfort, Thermal comfort, Wind barriers, Vegetable barriers, Leaf area index  
 
 

1. INTRODUCTION 
Among urban microclimatic variables, wind is a 

determining factor to obtain optimized thermal comfort 
conditions in open spaces. Studies are being carried out 
on the composition of shrub-tree species and their 
efficiency as a barrier to winds, mostly for studies of 
urban thermal comfort, architectural landscaping and 
urban forestry. The relationships between the barrier's 
shelter capacity and its porosity are portrayed by [16] in 
an important global compilation of the studies carried 
out about plant barriers, also by [8-9]. Experiments with 
wind tunnel barriers, composing different heights and 
shapes was performed by [11], and [10] also varied in 
densities. These experiments were used as references 
and detailed in the bibliographic review of the author's 
master's thesis [17], where these factors are being 
related to the performance of the barriers, mostly 
porosity and its upwind position. 

The present study is part of the author's doctoral 
research; empirical data on wind velocity attenuation 
was collected for 15 shrub-arborean species, and the 
results are being related to the Leaf Area Index (LAI) of 
species. LAI is the ratio of half of the total needle 
surface area per unit ground area [1-6-12-14-15]; it is a 
key vegetation structural characteristic that drives 

many vegetation functions and is used to describe plant 
canopies as a parameter in ecophysiological and 
biogeochemical models [3-5]. There are different 
methods of obtaining the LAI; the ways to obtain the 
LAI can be by direct destructive methods or by indirect 
non-destructive methods. The method defined by [14] 
comprises the direct destructive method, since to be 
obtained it involves the concept of harvesting all the 
leaves from the vegetation, measuring and counting 
them; or it can be based on the calculation of the 
average area of individual leaves collected and, from 
this data, estimate the LAI for the entire tree canopy. 

To differentiate the magnitudes, it was proposed by 
[2] the effective LAI term (Le) for the LAI measured by 
the indirect methods, and the true LAI (L) which 
corresponds to the real LAI, obtained by the direct 
method. The aggregation factor (Ω) represents the non-
random distribution of the canopy elements in the 
equation: Le = Ω x L [2-15]. When the crown is crowded, 
the value of Ω is less than 1; for a more regular canopy 
distribution, Ω is greater than 1. The value equal to 1 
considers the random distribution of the leaves, as 
initially assumed by the indirect methods model. As the 
value of Ω is generally unknown, it is more appropriate 
to have different denominations. Measurement by 

 

 

indirect methods requires calibration with the direct 
method. 

According to [13], what defines the choice for the 
use of effective or true LAI is its application; the true LAI 
better represents the potential of the physiological 
activities of the vegetation, while the effective LAI 
better represents the radiation interception by the 
distribution of the leaves. 

In the present study, it was considered that the 
effective LAI best represents the proposed objective, 
which is to evaluate the vegetation as a barrier in its 
geometric composition, and not exploring its 
physiological activities. 

 This research evaluated the best way to obtain this 
parameter for isolated arboreal elements as a wind 
barrier using two indirect (non-destructive) methods. 

 
2. MATERIALS AND METHODS 
 
2.1 Study area 

 In this empirical study, measurements were made 
on 15 shrub- trees species located on the campus of the 
Technological Research Institute (IPT) at the University of 
São Paulo (USP) in São Paulo city, Brazil (Fig. 1), which 
contains several plant species. The 15 species studied 
were chosen for the different compositions and 
densities of the crown composition, as well as the 
variety of available species. 

 
Figure 1: 
Location of the 16 studied species, in IPT, São Paulo city, 
Brazil. 
 

 
 

 

2.2 Field data collection  
The wind speed attenuation index measurements 

were made from 8:30 am to 4:30 pm, one day per 
species, between January 09 and January 30, 2020. 
Microclimatic variables were recorded by a Campbell 
Scientific Station composed of datalogger and solar 
collector for battery power, connected to two sets of 
equal equipments, one for each side of the plant barrier 
(thermohygrometer and sonic anemometer). 

The LAI values were obtained simultaneously by two 
different indirect (non-destructive) methods: 

▪ Equipment LAI-2200 Plant Canopy Analyzer (LI-
COR); 

▪ Fisheye photos with digital camera Canon T3i 
with wide angle lens Sigma 8mm, which was 
applied to Gap Light Analyzer (GLA) version 
2.0. 

 
2.2.1 Measurements with LAI 2200 (LI-COR) 

The LAI measurements were made at sunrise of 
January 09 and January 28, 2020. In each tree species, 
four measurements were taken, as referenced in the 
LAI 2200 Equipment Manual [4] for isolated elements 
(Fig.2). 

 
Figure 2:  
Illustration of a measurement in a tree with a 4 below 
readings 90o apart. 

 

 
 
Using the LAI 2200C equipment, for each species, 

four measurements were taken outside the canopy and 
four measurements inside it, every 90o (Fig.2), with the 
protective cover opening 90o on the lens facing 
outwards (Fig. 3). 

 
Figure 3:  
The LAI 2200 Canopy Analyzer equipment before 
measurements, and the protective cover opening 90o among 
all options. 
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In LAI 2200 measurements carried out in 2020, it was 
decided to use only one rod, as was done with the 
previous version of the equipment (LAI-2000), and 
subsequent association of the data and calculation of 
the resulting LAI by the software available on the 
website from Li-Cor, the FV-2200. In the measurement 
of each species, the stem was initially placed in a 
remote position, in an open field close to the 
vegetation measured, and then measuring under the 
canopy. A cover with a 90º opening was used in both 
positions, as recommended in the equipment manual 
for isolated trees. With the stem positioned under the 
canopy, four measurements were taken per species, in 
a horizontal position, approximately every 90º in plan, 
at a certain distance from the body, with the opening 
facing the outside of the canopy. In arboreal plant 
elements with a canopy far from the ground, the stem 
was placed under the canopy for measurements; in 
shrubs whose body starts from the ground (as is the 
case of podocarpo and falsa murta species), or trees 
with very low crowns, the measuring rod was placed 
inside the crown at four different points (Fig.2). It is 
noted in the equipment manual that the reading in the 
remote position in the open field and the reading under 
the canopy must be exposed to the same view of the 
sky. 
 
2.2.1 Measurements with Fisheye photos + Gap Light 
Analyzer (GLA) 

The fisheye photos were taken in the same 90o 
quadrants described for LAI 2200. In total, twenty 
fisheye photos were taken. LAI was obtained by the 
method of hemispherical photos with a fisheye lens 
attached to the camera, associated with the Gap Light 
Analyzer (GLA) program. The photos were taken at the 
beginning of the day, without the presence of direct 
sun, throughout the month of January 2020, one of the 
measurements being taken together with the LAI 2200, 
taking four photos per measurement, one at every 90º. 

A Canon EOS 6D digital camera (high performance 
single-lens reflex) + 8mm F3.5 EX DG Circular Fisheye 
full frame lens, with 180º viewing angle, belonging to 
FAUUSP, was used for the photos. 

According to [13], in the application they used to 
obtain the LAI from hemispherical photos (Can-Eye, 
with the same function as the GLA), the use of six to 
twenty photos was suggested. In the present research, 
twenty photos per species were collected, and the ten 
best ones were later selected to obtain the LAI. 

The main criterion for choosing the ten best photos 
was to discard those that eventually resulted in a small 
distance between the lens and the leaves, which would 
change the reading of the sky fraction of the species. 

The procedure used for each photo followed the 
indications in the GLA user manual [4]. The GLA 
program is free and very user-friendly. Initially, to 
access the desired photo, you must enable the 'other 
graphics' option on the 'type' tab. Opening one of the 
photos in the program, access 'configure' and 'register 
image'; the visual field to be considered is selected 
(excluding obstructions if necessary) according to Figure 
4. 

 
Figure 4:  
Selection of the study area in the images by the GLA program. 
 

 
 
Then, the program duplicates the photo within the 

chosen selection, and under the command 'image' and 
'threshold' one of the images is converted to the binary 
form being a working image. The program's default 
pixel value is 128, which can be adjusted when the 
photo needs brightness adjustment. Finally, with the 
'run calculate' command, several output data are 
obtained (Fig. 5), highlighting: 

 
a) canopy opening percentage (% Canopy Openness) 
b) LAI in ring 4 (LAI 4 ring) = effective leaf area index 

integrated over the zenith angles from 0 to 60º; 
c) LAI in ring 5 (LAI 5 ring) = effective leaf area index 

integrated over the zenith angle from 0 to 75º. 
 

Figure 5:  
Output data from the GLA program. 
 

 

 

 
 
The values resulting from ring five (5 ring) were 

used in this work, considering angles closer to those 
resulting from the LAI 2200, which also uses the reading 
of the five rings. For each species, the average of the 
values obtained in the ten photos was estimated to 
adopt the LAI value in this method. 
 
3. RESULTS AND DISCUSSION 

The results obtained from the measurements were 
evaluated and compiled. 

The following results refer to the data collected by 
LAI 2200, in the form of a table (Table 1) and a graph 
(Fig. 6). 

 
Table 1:  
LAI resulting by species - Measurement with LAI 2200. 
 

SHRUB-TREE SPECIES LAI (m2m-2)  

1 HIBISCO 1,93 

2 JAQUEIRA 2,31 

3 ERITRINA 2,19 

4 FIGUEIRA 2,26 

5 AZALEIA 2,28 

6 COSTELA DE ADÃO 1,59 

7 INGÁ 3,66 

8 CICA 2,80 

9 CALIANDRA 2,44 

10 CHEFLERA 5,10 

11 PODOCARPO 4,53 

12 FALSA MURTA 5,24 

13 CABELUDINHA 5,93 

14 AMOREIRA 2,49 

15 TIPUANA 2,34 

 

Figure 6:  
LAI resulting by species - Measurement with LAI 2200. 
 

 
 

The following results refer to the data collected by 
Fisheye + GLA, in the form of a table (Table 2) and a 
graph (Fig. 7). 

 
Table 2:  
LAI resulting by species – Measurement with Fisheye + GLA. 

 
SHRUB-TREE SPECIES LAI  

(m2m-2)  
CANOPY 

OPENNESS (%) 
1 HIBISCO 2,50 12,97 

2 JAQUEIRA 3,15 8,31 

3 ERITRINA 2,79 12,06 

4 FIGUEIRA 3,05 10,13 

5 AZALEIA 2,69 10,06 

6 COSTELA DE ADÃO 2,59 12,55 

7 INGÁ 2,38 14,67 

8 CICA 2,08 19,05 

9 CALIANDRA 2,54 12,60 

10 CHEFLERA 3,05 7,60 

11 PODOCARPO 2,98 9,49 

12 FALSA MURTA 4,16 3,05 

13 CABELUDINHA 3,42 5,61 

14 AMOREIRA 2,25 15,04 

15 TIPUANA 1,98 17,80 

 
 
Figure 7: 
LAI resulting by species – Measurement with Fisheye + GLA. 
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A relevant issue in the use of hemispherical photos 
is that this method allows the elimination of elements 
external to the vegetation studied, such as buildings or 
other obstruction elements, by choosing the visual field 
to be considered in obtaining the binary photo that 
generates the value of the corresponding gap fraction; 
this resource is particularly important in the study of 
isolated trees inserted in the urban environment. 

The relationship between the results obtained with 
the two indirect methods of LAI collection was analysed 
graphically according to the figures below, as well as a 
comparison between the LAI values and the percentage 
of canopy opening. 
 
Figure 8: 
The relationship between the results obtained with the two 
indirect methods. 
 

 
 

 
Figure 9: 
A comparison between the LAI 2200 and the percentage of 
canopy openness. 
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Figure 10: 
A comparison between the LAI Fisheye + GLA and the 
percentage of canopy openness. 
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The relationship between the results obtained with 

the method of hemispherical photos showed a greater 
correlation with the percentages of canopy opening. 

The original fisheye photos obtained from isolated 
plant species indicate unwanted presence of peripheral 
elements that interfered in the composition of the 
photo, such as buildings, other vegetation and 
eventually the machine operator, was registered. 

 
4. CONCLUSION 

Considering that the records of fisheye photos and 
LAI 2200C were taken in the same positions and 
conditions, it can be concluded that, for isolated plant 
elements, the use of fisheye photos is more 
appropriate, since these photos may have the useful 
area selected by the GLA program, excluding elements 
foreign to the vegetation canopy. 
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ABSTRACT: Urban form has strong direct implications on greenhouse gas emissions, urban thermal patterns, 
hydrological processes, dispersion of air pollutants, etc., consequently impacting the quality of life and the health 
of urban dwellers. The study of different urban forms and its impacts on urban microclimate is of great 
importance to inform urban designers, decision makers and the society to shape their choices towards a climate-
sensitive approach. This paper investigates day and nighttime land surface temperature (LST) over different 
urban forms in São Paulo Metropolitan Region, Brazil, aiming to contribute with the study of subtropical urban 
forms in a megacity of more than 22 million inhabitants. Fifteen years of thermal data from Aqua-MODIS 
satellite were used, totalling 690 images for each variable. Results were explored both in metropolitan and pixel 
scale to highlight the differences of distinct urban arrangements. LST data, combined with other social and 
morphological aspects can help to deliver a cool design, both in human and thermal aspects, combining the high 
density we need with the great urban environment we want, especially in a scenario of climate change where 
extreme events of high temperatures are expected. 
KEYWORDS: Urban Microclimate; Urban Planning; Local Climate Zones; Urban morphology. 
 
 

1. INTRODUCTION 
The effects of urban areas on microclimate have 

been scientifically observed for approximately 200 
years in Europe. However, in tropical areas it is 
more recent, being Ernesto Jáuregui the pioneer 
with studies for Mexico DF in 1973 [1, 2]. 

Despite the long-term observations, urban 
climate knowledge has not been fully incorporated 
in urban planning, especially in tropical and 
subtropical areas, expected to face high rates of 
urbanization in the upcoming years [3, 4]. The 
reasons for this are not only technical, but also 
related to policy, organizational and market issues 
[5, 6, 7]. 

Urban form has strong direct implications on 
greenhouse gas emissions [8], urban thermal 
patterns [9, 2], hydrological processes [10], 
dispersion of air pollutants [2], etc., consequently 
impacting the quality of life and the health of urban 
dwellers. Thus, the study of different urban forms 
and its impacts on urban microclimate is of great 
importance to inform urban designers, decision 
makers and the society to shape their choices 
towards a climate-sensitive approach. 

This paper investigates day and nighttime land 
surface temperature (LST) over different urban 
forms in São Paulo Metropolitan Region (SPMR), 
Brazil. It is the fourth largest metropolitan area in 
the world [11], formed by 39 municipalities with 
more than 22 million inhabitants [12]. It is located 
in the southeast Brazil, approximately 50km far 
from the coast, the altitude varies between 720m 

and 850m above sea level with a humid subtropical 
climate (Cfa), according to Köppen classification. 

The aim of this research is to contribute with the 
study of subtropical urban forms by detailing 
daytime and nighttime thermal responses of 
different urban arrangements over a 15-year 
period. 
 
2. METHODOLOGY 

Remote sensing has been used in military and 
earth science since the beginning of the 20th 
century, however, its use for urban studies is more 
recent. The first Academic forums on the subject 
only began in 1995. Despite urban remote sensing 
being a well-developed area of remote sensing, its 
direct contribution to urban policy remains 
underexplored [13]. 

The use of remote sensing data in urban studies 
has several advantages: it allows the observation of 
large areas simultaneously at a low cost, offering an 
alternative to collecting data on the ground, which 
is usually expensive or even not possible for large 
study areas; it provides information on non-visible 
electromagnetic spectrum bands at different spatial 
resolutions and with global coverage; it enables the 
use of past data and the creation of time series, 
which offers a historical perspective of urban 
processes or attributes; the georeferenced data can 
be integrated with socioeconomic data in GIS 
environment. 

The limitations of using remote sensing in urban 
studies are related to the peculiarities of image 

 

interpretation due to the heterogeneity and the 
tridimensional characteristics of the urban 
environment. 

In this study daytime and nighttime LST of the 
Aqua-MODIS satellite were used. The MODIS were 
chosen due to the availability of the nighttime data 
and for its temporal resolution of 1 to 2 days. This 
temporal resolution overcome a common issue in 
surface urban studies: the bias produced by using 
few thermal images. Land surface temperature 
(LST) is a dynamic variable. Its study requires a large 
amount of satellite images to characterize its 
behavior [14]. The use of few thermal images can 
lead to errors in the analysis, if the days chosen for 
the study are not typical days of atmospheric 
stability. Therefore, Aqua MODIS daily images were 
suit for the purpose of this research. 

Aqua-MODIS daytime images are acquired at 
13h30 and nighttime images at 1h30, both at 1km 
resolution. The product MOD11A2 was used, which 
provides the 8-day average LST per pixel. All 
available data between September 2002 and 
September 2017 were used, totaling 690 images for 
each variable. Cloud contaminated pixels and those 
with errors equal or greater than 3K were excluded, 
as well as the main water bodies (seen in white in 
figure 1, 2 and 3). Water bodies were excluded from 
the thermal analysis due to the differences between 
water thermal capacity and the urban dry surfaces 
and the vegetated surfaces. 

Mean images were computed for the rainy 
(spring and summer) season, which has the higher 
temperatures. Mean thermal amplitude was 
estimated by subtracting mean nighttime images 
from mean daytime images. The entire procedure 
was performed in the R software. 

The mapping of urban morphology was 
performed according to the local climate zones 
(LCZ) concept, developed by Stewart and Oke [15] 
and LCZ classification is in accordance with the 
methodology of the World Urban Database and 
Access Portal Tools (WUDAPT) [16].  

The LCZ are defined as regions with uniform 
coverage of soil, structure, materials, and human 
activities, occupying hundreds of meters or 
kilometers. Each LCZ has a characteristic air 
temperature regime that is more evident on dry 
surfaces, on clear nights with little wind, and on 
simple relief areas [14]. Despite the characterization 
of the LCZ being performed by contrasting the air 
temperature of each typology, the lack of a dense 
and reliable monitoring network led to the use of 
LST obtained by remote sensing as an alternative 
[17, 18]. 

Mean images are useful to inform the thermal 
pattern of an area with small or no changes in its 
urban occupation over the studied period. In this 

sense, LCZ maps were produced for 2002 and 2017, 
at 100m spatial resolution, to investigate changes in 
urban morphology throughout a change detection 
analysis.  

This research used only free data and free 
software to allow its reproducibility. The LCZ maps 
are available for public use in free data repository 
[19, 20]. 

 
3. RESULTS AND DISCUSSION 

Figures 1 to 3 present the LST results for the 
entire metropolitan region, with mean images of all 
rainy seasons. Urban occupation is given by the 
Local Climate Zone Classification of 2002 (figure 4) 
and 2017 (figure 5)  

 
Figure 1:  
Daytime mean LST of all rainy seasons from 2002 to 2017. 
São Paulo Metropolitan Region 
 

 
 
Figure 2:  
Nighttime mean LST of all rainy seasons from 2002 to 
2017. São Paulo Metropolitan Region. 
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Figure 3:  
Mean LST Amplitude of all rainy seasons from 2002 to 
2017. São Paulo Metropolitan Region. 

 
 
Figure 4: 
Local Climate Zone Classification 2002. São Paulo 
Metropolitan Region 

 
 
 
Figure 5: 
Local Climate Zone Classification 2017. São Paulo 
Metropolitan Region 

 

 
 
Urbanized areas presented higher daytime and 

nighttime surface temperatures compared to less 
urbanized regions; however, the urbanized area is 
not homogeneous, as explored in Figure 6. Regions 
(with 1 Km², corresponding to a MODIS pixel) with 

small or no changes in its urban occupation over the 
studied period were selected as examples according 
to the LCZ classification. 

The compact LCZ morphologies presented the 
higher daytime LST, being the lowrise hotter than 
the highrise. Open highrise presented the lower 
daytime LST, 5°C lower than the compact lowrise in 
a 15-year mean image, meaning that in extreme 
events this difference can be higher.  

Open morphologies have more space between 
buildings and a greater vegetation cover. Highrise 
shadows are more effective in this situation as well 
as ventilation. Vegetation also contributes with 
latent heat exchange. The combination of these 
effects can explain the lower LST in daytime images 
in open arrangements. Also, the building shadows 
can explain the lower LST in compact highrise in 
comparison with compact lowrise. 

The nighttime LST pattern is different from the 
daytime pattern, adding important information on 
the previous thermal studies of SPMR which 
analyzed only daytime data [21, 22]. The urban 
core, occupied by highrise compact building and 
other compact morphologies, is warmer than the 
open highrise arrangements and the lowrise 
typologies, a pattern compatible with the surface 
urban heat island. At nighttime, LST was higher in 
the compact highrise, where there are small spaces 
between buildings and large thermal mass. The 
thermal mass influences the heat accumulation and 
the sky view factor (SVF) influence the heat loss, as 
well as the vegetation cover.  

Small SVF leads to a slower cooling in compact 
highrise, while higher SVF leads to a more rapid 
cooling in compact lowrise, which explains the 
higher LST amplitude in this morphology. On the 
other hand, vegetation biomass can slower heat 
loss, contributing to a slower cooling in open 
lowrise areas.  
 
Figure 6:  
Thermal patterns of different urban morphologies. Google 
Earth image, LCZ classification of 2002 and 2017, daytime 
and nighttime mean LST and mean LST amplitude of 
selected pixels. 
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Figures 7 and 8 schematically represent the 
relationship between the urban form and the 
thermal dynamics both during the day and at night, 
showing the influence of the height of the buildings, 
the space between them and the presence of 
vegetation. 
 
Figure 7: 
Urban form and heat gain during the day. 
 

 
 
Figure 8:  
Urban form and heat release during at night. 
 

 
 
In addition to the thermal characteristics, it is 

important to highlight the urban design aspect of 
the LCZ typologies. Figure 9 shows street view 
examples from selected areas within regions 
showed in figure 6. In the São Paulo Metropolitan 
Region, open highrise and open lowrise 
morphologies are, in most of the cases, associated 
with high income neighborhoods, evidencing a 
social-climate associated issue. Additionally, street 
life in high income areas tends to be less intense, 
due to a security-driven urban design. The high 
walls of the gated communities many times occupy 

entire blocks, making streets even more insecure 
and less attractive to pedestrians. 
 
Figure 9: 
Street view images of LCZ types. 
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4. CONCLUSION 

The results indicate the role shadows, 
vegetation and SVF play in the heating and cooling 
patterns over different urban morphologies in São 
Paulo Metropolitan Region.  

The thermal performance of existing urban 
arrangements can inform urban planners and 
decision maker towards a more climate sensitive 
design approach, indicating ideal building heights 
and spacing and the need for vegetation inside 
urban blocks and alongside the streets. Additionally, 
the combination of daytime and nighttime thermal 
data can give important tips about building 
performance for energy consumption. 

Other aspects must also be considered, such as 
urban connections, public spaces access, social 
interactions etc. In São Paulo, the open highrise 
typology presented the best thermal performance 
from the pixel perspective, but from people 
perspective it is one of the most segregated areas in 
the city, with lots of gated communities and poor-
quality public spaces.  
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Urban design is a complex task, and many 
factors must be considered to deliver a cool design, 
both in social and thermal aspects, combining the 
high density we need with the great urban 
environment we want, especially in a scenario of 
climate change where extreme events of high 
temperatures are expected. 
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ABSTRACT: Currently more than half of the world population lives in urban areas. In Latin America this figure is 
more than 80% and, in Brazil, around 84,4%. Worldwide this scenario is expected to increase in the next decades. 
In addition, climate change has a strong correlation with the increase of climatic extremes such as heat waves 
threatening people’s health globally. Not only mitigation but also adaptation measures are urgent to make urban 
areas more resilient, energy efficient and healthier. Among adaptation measures are the provision of cooling 
places linked with public policies for urban design; greening, transport-oriented development and many other 
strategies embodying the strategic role of urban planning and design aiming for more resilience and health for 
urban communities. Another adaptation measure is greening which promotes ecosystem services reducing 
pollution, regulating climate and water management, promoting and protecting biodiversity and bringing well-
being to people. This undergoing research aims to analyse Climate Adaptation Plans (CAP) around the world, 
bringing measures to mitigate heat stress approached by each CAP.  
KEYWORDS: Climate change, Climate adaptation plans, Heat waves, Cooling Places. 
 
 

1. INTRODUCTION  
According to the United Nations Framework 

Convention on Climate Change (UNFCC), climate change is 
a phenomenon attributed directly and indirectly to human 
activity that modifies the global atmosphere composition 
that is beyond the natural climate variability which is 
already observed, creating changes in climatic pattern, 
rising global temperature average and extreme events 
attached to climate (IPCC, 2018). 

Studies suggest that society will experience many 
impacts of climate change in the near future, over the next 
thirty years, and even more so in the second half of this 
century. Among these impacts, one that has significant 
implications for energy demand and the health of the 
population is the increase in the frequency and intensity of 
heat waves. Although there is no universally acceptable 
definition of heat waves (Perkins; Alexander, 2013; 
Robinson, 2001), these are understood as periods of 
unusual hot and dry/humid weather lasting at least two to 
three days and having a noticeable impact on human 
activities. Over the duration of heat waves, not only 
daytime temperatures reach high values, but also night 
time temperatures, and humidity changes beyond the 
long-term average. Heat waves are relative to a climate 
location; the same weather conditions may constitute a 
heat wave in one place but not another (Stefanon et al., 
2012). 

Extreme heat conditions are becoming more frequent, 
increasing risks to human health and health systems. The 
main impacts have been recorded in places where extreme 
heat occurs in context with population aging, urbanization, 
urban heat island, and inequalities in health care 
(Fajersztajn et al., 2016). According to Zhao et al. (2019), 
climate change will increase the number of deaths linked 
to heat waves between 2031 and 2080, and Brazil is among 
the most affected countries. 

As for extreme temperature events, these overload 
the human body by damaging the cardiovascular and 
respiratory systems, especially for the most fragile people 
such as the elderly, pregnant women, children up to 4 
years old, and obese people, according to the World 
Health Organization (WHO, 2018). Cities are not the cause 
of heat waves; however, they potentiate their effects. 
Because of the large concentration of asphalt, concrete, 
stone, and other inert materials, cities end up absorbing 
and retaining more heat than rural areas (Stone, 2012), 
and are therefore more vulnerable to heat waves. 

As for the vulnerable population, in 2018 about 220 
million people under 65 years of age were exposed to heat 
waves, a higher figure compared to the period from 1986 
to 2005 (WMO, 2020). It is worth noting, according to Diniz 
et al. (2020), that the projections made for the near future 
(2030 - 2050) and distant future (2059 - 2099) show that 
excess mortality of the elderly related to heat waves will 
increase, being higher when urban adaptation actions are 
not applied, especially for cardiovascular diseases in 
women (up to 587 deaths per 100,000 inhabitants / year). 
In the Brazilian context, research indicates an increase in 
the frequency of heat waves over the years in different 
regions of the country with different climates. It is 
expected that by the end of the XXI with the increase in 
heat waves, the Northeast region, due to its location and 
social condition, will become the region most affected by 
intense heat (Geirinhas et al., 2017). 

Importantly, urban areas have a dual role: besides 
housing much of the population, the present lifestyle is 
one of the main inducers of climate change, since cities are 
marked by excessive consumption, solid waste production, 
greenhouse gas emissions, intensive energy use, landscape 
fragmentation, soil sealing, predominance of inert and 
heat-absorbing materials, and other factors that intensify 
the effects of climate change. In this sense, the structuring 
of space, form of development and expansion of the urban 
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fabric (Nobre, Young, 2011) added to the implementation 
of urban green infrastructure (Farrugia et al., 2013) are 
points to be considered. Urban green infrastructure can be 
interpreted as a hybrid of green spaces and built systems 
such as forests, wetlands, parks, green roofs and walls that 
together can contribute to ecosystem resilience and bring 
benefits to humans through ecosystem services (Naumann 
et al., 2011; European Environment Agency, 2012). 

In view of the above, this work in progress has the 
general objective of systematizing the main national and 
subnational climate adaptation plans, looking mainly at 
the propositions for the creation of climate amenity 
spaces, called in this work as cooling places, and the 
propositions that rely on green infrastructure. 

 
2. LITERATURE REVIEW 

Many countries are concerned about the climate 
change scenario and cooperation agreements were 
established with the intention to limit the rise of global 
average temperatures, especially through the control of 
GEE gases emissions. The Intergovernmental Panel on 
Climate (IPCC) is one of the main world organizations 
dedicated to climate change, being responsible for the 
systematization of scientific knowledge of this theme and 
the comprehension about its causes and anthropic 
consequences (Hebbert; Jankovic, 2013). 

In addition to vegetation, to adapt to climate change, 
there are initiatives in place in some cities for the creation 
of cooling places, which work as true oases in buildings and 
in the urban environment (Rosenthal, Kinney, Metzger, 
2014). 

In Brazil, the air-conditioned buildings, are, in general, 
of restricted public access, receiving mainly commercial 
use, in private spaces. Residential and public buildings, for 
the most part, are not air-conditioned (Duarte, 2015). Even 
if there were greater availability of buildings with air-
conditioning, it is crucial to have action plans that include 
public buildings and spaces that do not depend mainly on 
this strategy, as a stimulus to decrease energy 
consumption and possible precaution in cases of power 
outage. It is important to note that one cannot rely on the 
use of air-conditioning in cases of extreme events, since 
there is also no guarantee that there will be enough energy 
to meet an increase in demand (Nunes, 2020)  

Moreover, the use of air conditioning equipment will 
cause an increase in the heat energy emitted into the 
urban environment in such a way as to feed a vicious cycle. 
In Brazil, for several years now, thermoelectric power 
plants have been activated to complement the 
hydroelectric matrix, when the latter is not sufficient to 
meet the demand. Moreover, it is worth noting that 
natural ventilation is essential to minimize infection by 
microorganisms responsible for viral and bacterial 
diseases, since it enables the constant air exchange 
(Nunes, 2020). Thus, this cannot be an alternative thought 
of in isolation, since it is unsustainable due to the absence 
of continuos energy supply, the environmental 
consequences and the high cost of operation and 
maintenance (Duarte, 2015). 

Urban green infrastructure has been pointed out as 
promising to reduce the adverse effects of climate change 
in urban areas, for example, balance the flow of water to 
alleviate flooding, promote thermal comfort through 

vegetation shading, provide support for people to copy the 
idea is to give opportunity to own food production (Krasny; 
Tidball, 2009; Cameron, 2012; Farrugia et al., 2013). 
Vegetation brings improvements in urban climate and 
contributes to decrease urban heating. The cooling effect 
is achieved through the processes of evapotranspiration, 
solar protection, increased longwave radiative flux and 
airflow control. At the same time, trees and other green 
components filter the air, mask noise in cities and prevent 
soil erosion, while contributing to the mental balance of 
city dwellers (Santamouris, 2001). In this sense, according 
to Santamouris et al. (2017), the potential for ambient 
temperature reduction brought on by the addition of trees 
or other green typologies depends greatly on the density 
and properties of the vegetation considered, the thermal 
characteristics of the city, and the prevailing climate 
conditions. 

Urban trees have to deal with a number of additional 
stresses that are more fragile or that do not exist in forests. 
This is because city environmental conditions are generally 
more extreme, more dangerous, and can cause loss of 
vitality and increased mortality (Gillner et al., 2014). 
Among other factors, trees must deal with soil 
compaction, poor soil quality, and low soil volume; air and 
soil pollution, salt contamination, excessive heat, 
mechanical damage, vandalism, wind gusts, soil water 
changes, low nutrients, low water availability, and water 
stress (Brune, 2016). 

As for the structuring of urban space, on the other 
hand, it is crucial to have the implementation of mitigating 
and adaptive measures through urban instruments, such 
as zoning, building codes, urban mobility planning, etc. 
(Tsuda, 2019). According to Humphreys et al. (2010), 
adaptation is understood as the combination of variables 
aimed at the resilience of the city to the point of balancing 
the intensity of climate change impacts and resulting in the 
generation of comfort, this being dependent on cultural 
and personal issues. In Architecture and Urbanism, 
adaptation deals mainly with the potential that urban 
spaces and buildings have for people to cope with new 
displacements in such a way as to mitigate the impacts 
generated by changes in climate and thus reduce 
vulnerability. 

According to Giulio et al. (2016), there are a number of 
designations given to urban instruments aimed at 
mitigation and urban adaptation through climate change, 
and, in general, it is a set of strategies that cities should 
adopt to cope with climate change, reducing the negative 
impacts on the population, the economy, and the 
environment. 

There are climate adaptation plans in force, mostly in 
developed countries, which advance in the understanding 
of the theme and in the implementation of practical 
measures to minimize the impacts. In Brazil, on the other 
hand, there has been little advancement in the 
development of adaptive premises, and most of actions 
are tied to mitigation (Duarte, 2019). But, at the scale of 
cities, only mitigation of heat can yield measurable 
improvements during the period of our own lives or the 
lives of our children (Stone, 2012). Despite this, Carvalho 
et al. (2020) highlight that, when analyzing the urban 
legislation of the State of São Paulo along with the master 
plans, the authors note that about 70% of municipalities 

 

do not institute a Municipal Climate Change Policy, 
emphasizing the need for discussion on climate policy and 
adaptive planning of cities.  
 
3. METHODOLOGICAL PROCEDURES 

The analysis of urban instruments aimed at 
mitigation guidelines and urban adaptation to 
climate change was carried out in order to 
systematize them according to the criteria outlined 
in the document Measuring Benefits of Urban Heat 
Adaptation published in March 2021 by the C40 
Group of Major Cities for Climate Leadership (C40, 
2021). The criteria were created based on the 
temperature reduction potential of the proposed 
actions and feasibility of implementation, as follows: 

•Cool surface: found on sidewalks and roofs, 
these are those that reduce energy absorption and 
capture as a result of the reflective capacity of the 
elements; 

•Green infrastructure: 
1.Urban parks: responsible for reducing the local 

urban temperature according to their size and 
canopy cover; 

2.Green corridors: correspond to connected 
green spaces in order to direct the wind and promote 
biodiversity; 

3.Vegetation, in general: corresponding to 
flowerbeds, bio-valets and green roofs. 
•Urban form planning and design: according to the 

width of the streets, density, gauge, and materiality, 
it is possible to increase the albedo and consequently 
reduce the solar radiation stored on the urban 
surface. 
•Heatwave response planning: corresponds to the 

policy of making the population aware of heat waves 
as well as action plans upon their occurrence in order 
to mitigate the effects generated by prolonged 
exposure to increased temperatures. 
•Grey urban shading structures: corresponds to 

structures that provide shading, whose importance 
comes from the reduction of the amount of solar 
radiation captured and stored in the urban surface 
and, therefore, reduction of air and surface 
temperature. 
•Urban Water features: due to their greater ability 

to absorb solar radiation, when compared to inert 
materials, and to evaporative cooling, water bodies 
can reduce the air temperature of the surrounding 
area and promote greater thermal comfort. 
•Wind corridors: through convection and 

evaporation, wind corridors can generate 
temperature reduction. 

In addition to these criteria, this analysis included 
the search for the so-called cooling places, 
conceptualized in this article as spaces of climate 
amenities distributed in a targeted manner 

throughout the city in order to assist the population 
during extreme heat. 

It is worth noting the absence of 
conceptualization and specific literature on this 
topic, since the understanding about cooling places 
comes according to the local reality. For this article, 
we used the definition applied in Climate Adaptation 
Plans of developed countries such as the United 
States and Australia, in which the cooling places are 
mainly public or private air-conditioned buildings, 
able to receive the population, and where people are 
guided to go during extreme heat, besides some 
open spaces such as parks, public pools, squares with 
access to water, etc. 

In total, 47 documents were analysed (Table 1), 
These documents follow the criteria: i) national 
plans, ii) subnational plans: preferably, 
administrative divisions corresponding to states and 
capitals; iii) documents available in official electronic 
portals; iv) cities mentioned in the consulted 
bibliographical references, so that there is a better 
understanding about the local conditions and 
possible similarities. 

Out of 32 of these documents studied are from 
cities in the United States of America, 8 from 
European cities, 3 from Oceania, 2 from Asia, and 2 
from Central America; circa 82% correspond to 
Climate Adaptation Plans, as defined by Obermaier 
and Rosa (2013), with delimitation of the guidelines 
aimed at the local reality. Already 8% fit the pattern 
of booklets that, according to the IAUC (2020), are 
documents with education character that address 
the basic concepts on the subject and are not 
restricted to the existing local demands. 

 
4. RESULTS AND DISCUSSIONS 

From the analysis of the above-mentioned plans, 
it was possible to understand the spatial distribution 
of the analysed plans (Figure 1), which are more 
present in developed countries, especially in the 
USA. It is noteworthy that the results obtained so far 
are part of the conclusions, as the research is 
ongoing. 
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Figure 1: Spatialization of Climate Adaptation Plans (Authors, 2022)

  
In addition, it was possible to draw an overview of the main issues dealt with in the Climate Adaptation Plans 

and similar documents (Figure 2). 
 

 
Figure 2: Analysis of climate adaptation plans according to mentioned criteria (Authors, 2022)

 
 

 

 

Among the actions mentioned by the C40, the 
mention of green infrastructure stands out (85%). 
Despite predominant, the level of detail given to this 
action fluctuates too much and three different 
approach patterns were found: i) only mention of 
the importance of the vegetation for alleviating 
thermal stress; ii) indication of guidelines for urban 
parks, urban vegetation and green corridors; iii) 
reference to green infrastructure plans based on the 
demand mentioned in the analysed documents. 

For example: i) in the Strategic Focus Area Plan 
for the city of Charlotte, USA, the importance of 
planting trees as a strategy for maintaining 
community resources is highlighted, but guidelines 
for these plantations are not outlined; ii) in Guide to 
Urban Cooling Strategies referring to Australia, in 
addition to pointing out practical alternatives arising 
from green infrastructure, they show how 
vegetation can contribute to the reduction of 
thermal stress; iii) in Chicago Climate Action Plan, 
USA, other documents, such as the Urban Forest 
Agenda and the Chicago Trees Initiative, are 
mentioned. 

The second most mentioned action refers to 
reducing the emission of greenhouse gases, such as 
CO2. However, it is known that the concern with the 
urban environment should not be restricted to 
mitigation measures, but also address adaptive 
measures of cities in the face of climate change 
(Duarte, 2015). 

It was considered important to highlight two 
other actions: heatwave response planning and 
cooling place, mentioned in only 40% and 30% of the 
analysed documents. There is a relationship 
between these actions, for example, in the case of 
the warning system triggered in cases of heat waves 
as part of the Excessive Heat Plan (Philadelphia Hot 
Weather - Health Watch Warning System - PWWS) 
project. In this program, municipal teams work 
together with the National Weather Service - NWS to 
determine the heat wave and the consequent alert 
when they are hit. 

Thus, there is guidance for people to go to places 
determined as cooling places, which are located 
through an interactive map available on the internet, 
the Stay Cool Interactive Map. On this map there is 
an indication of places with milder microclimates for 
these become temporary refuges until there is 
recovery from the thermal stress caused by the 
constant above-average temperatures for prolonged 
periods. When analysing the existing climate 
adaptation plans, it can be noted that many of them 
recommend that people seek air-conditioned spaces 
as a way to recover from excessive and prolonged 
heat.  

As for the actions related to urban planning and 
design strategies, 70% of the plans mention them, 

whose level of detail, as well as for green 
infrastructure, varies a lot. As an example, for this 
action, the Hong Kong's Climate Action Plan 2030+ is 
cited, which highlights the direct relationship 
between the reduction of air and surface 
temperature according to urban morphology and 
urban parameters, such as the minimum setback in 
urban lots and the shape of buildings. 

 
5. CONCLUSIONS 
Analysing the first results of this undergoing 

research, it is possible to observe that there is a 
recent need - in the last 10 years - for the 
development of climate adaptation plans, with most 
of the climate adaption documents found in 
developed countries. These plans aim to reduce the 
impacts generated by climate change and advance 
the understanding of the subject and the 
implementation of practical measures that minimize 
the expected impacts. 

Despite this, part of the documents found can be 
classified as primers, as they approach the topic 
superficially and have an education rather than a 
performance or prescriptive nature. Most of these 
documents lack important details and may not be 
applicable to the reality. 

It is noted the prevalence of green infrastructure, 
actions related to urban morphology and reduction 
of greenhouse gas emissions, the first two aspects 
being climate adaptation actions, while the last one 
is aimed at mitigating climate change. The actions 
related to cooling places, grey urban built-up 
structures and urban water features, it was observed 
that these are less frequent in the survey and it 
appears only in more recent plans, being first 
mentioned in 2015. 

Due to the current demand and the need for 
measures aimed at climate adaptation, the urgency 
needs to readapt public spaces through the design of 
a network of cooling places distributed throughout 
the city. Cooling places must be designed in 
accordance to local reality and might be interesting 
to be associated with green infrastructure and better 
developed with urban morphology actions in order 
to alleviate the thermal stress generated by heat 
waves. 

In the future, this research aims to include and 
analyse more climate adaption plans from other 
regions of the world to understand other adaptation 
scenarios. Furthermore, it is also expected to analyse 
and quantify the efficiency of the climate adaption 
measures, utilizing the high-definition 
computational model ENVI-met. 
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ABSTRACT: New urban developments in capital cities will increase water demand and urban flood risk, while also 
decreasing water quality indicators in rivers and other watercourses. These effects will be exacerbated by the 
consequences of future climate change and the exponential increase in population growth. In this work, we 
present a novel systemic design framework for future urban planning called CityPlan-Water that looks at current 
and future water pressures at city scale and aims to achieve the concept of Water Neutrality (WN). This concept 
aims to first minimise impacts on urban water security and then offset any remaining stresses by retrofitting 
existing housing stock. CityPlan-Water integrates spatial data with an integrated urban water management 
model called CityWat, enabling urban design at a systems level and a systematic assessment of future scenarios. 
Results from CityPlan-Water in London suggest that it will be necessary to retrofit almost the same number of 
existing homes with Water Neutrality design options to completely offset the impacts of proposed new 
developments in the next ten years. In the end, CityPlan-Water aims to support urban planning through the use 
of data-driven analysis and to effectively design water neutral housing and sustainable urban development.  
KEYWORDS: Water Neutrality, CityPlan-Water, urban water security, urban planning, systemic design  

 
 

1. INTRODUCTION 
Housing growth and the climate emergency are 

increasing the pressures in cities worldwide [1,2]. 
These pressures are adversely affecting the urban 
water cycle [3,4] and one of the biggest challenges 
for future planning is the impact of new housing 
development on water sustainability [5,6]. 
Understanding the impact of housing growth on 
land, water infrastructure and water quality will 
require integrated urban planning [7]. In the 
literature, there are several approaches to integrate 
urban planning with water management, which can 
address some of the aspects of the systems 
approach. Among them, a valuable methodological 
example for this integration is the Urban Planning 
Sustainability Framework (UPSUF) [8]. UPSUF is a 
novel systems-based framework that integrates 
design solutions, sustainability evaluation and the 
planning system process. UPSUF is based on the 
concept of blue green urban design, which 
integrates sustainable construction and urban form. 
Urban form is one of the key factors that influences 
sustainability and environmental performance in 
cities [7,9]; it captures buildings and land cover as 
well as amount of green and built space [10,11].  

An emergent approach to urban water 
management is Water Neutrality (WN) [12]. WN 
does not imply to have zero water consumption 
only, but to be able to first minimise the impacts of 
the new development and then offset the 
remaining impacts within the existing urban system 

without increasing the current overall impact levels. 
We believe there is no clear evidence of the WN 
concept being applied at large scale and there is a 
lack of a digital and integrated method that 
accurately measures WN indicators combined with 
spatial configurations for urban planning. To 
maintain existing Urban Water Security (UWS) 
indicators and efficiently implement WN at the 
planning phase of a new urban development, a 
range of WN design options will be needed, either 
inside or outside the development area. These 
design options include, for example, Blue Green 
Infrastructure (BGI), efficient appliances, rainwater 
harvesting, water reuse systems and demand 
management social campaigns, amongst others. 

Systemic design is an emerging approach that 
has evolved in recent decades. It combines 
traditional design and systems thinking, taking a 
holistic and complete account of the urban form 
elements that constitute a complex system [13,14]. 
Following systemic design principles, all physical 
elements in a space (e.g., an urban development, 
borough, city, etc.) define a series of layers that, 
together, constitute the entire urban system. 
Therefore, systemic design sees the planning 
process as a whole and considers urban water 
infrastructure as one of the layers in the design of 
cities [15,16]. 

In this work, we present the novel concept of 
CityPlan conceived as an operational version of 
UPSUF. CityPlan aims to be applied to different 
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areas of urban sustainability (i.e., water, air, 
biodiversity, urban microclimate, etc.). At the 
current stage of the work, CityPlan focuses on WN 
evaluation, therefore it is called CityPlan-Water. In 
there, the WN assessment is provided by the water 
management integrated model CityWat [17], which 
we combine with a spatial representation of the city 
of London, UK.  

 
2. METHODOLOGY 

The functionality of CityPlan-Water is based on 
UPSUF [8] and integrates three key components 
(Fig. 1), which includes representation of the 
CityPlan-Water process and operation (blue clusters 
in Fig. 1); the systemic design solutions (green 
cluster); and the Urban Water Security (UWS) 
evaluation (purple cluster). CityPlan-Water follows 
an iterative process that uses a defined target for 
Water Neutrality as a measure of the UWS through 
a spatial representation in GIS. The key purpose of 
CityPlan-Water is to evaluate WN at different 
scales, to influence planning decisions, and to guide 
stakeholders towards water neutral urban 
developments.  

 
Figure 1:  
Methodology diagram of the CityPlan-Water systemic 
design and evaluation framework. 

 

The results from CityPlan-Water will determine 
if a new urban development with proposed WN 
design options can be considered water neutral 
under a specific target. As with UPSUF [8], the 
iterative process provides a defined set of steps 
that takes the user from an initial baseline to new 
water neutral development scenarios, including the 
requirements of environment and regulatory 
bodies. 
 
2.1 Water Neutrality systemic design concept  

New developments increase the existing urban 
water impacts in cities and decrease UWS levels 
[18]. To define a new interpretation of the WN 
concept from a systemic design approach it is 
necessary to evaluate this increase under different 
urban design scenarios (Fig. 2). In our work, the 
Development Impact (DI) from new urban 
developments is calculated as an addition to the 
existing (pre-development) impacts (i.e., Baseline 
thereafter). To provide a comprehensive 
assessment of the WN concept, we consider two 
types of urban design scenarios: Business as Usual 
(BAU) scenario (left column in Fig. 2) and WN 
scenarios (right column in Fig. 2).  
 
Figure 2:  
Water Neutrality systemic design concept diagram.  

Note: To fully achieve Water Neutrality (WN) is necessary 
to decrease the Urban Water Security (UWS) indicators as 
they were at the pre-development Baseline stage (existing 
impact).  
 

The BAU scenario represents the project that is 
developed and built with traditional construction 
and design, primarily including hard and impervious 
surfaces and artificial materials [8]. Under the BAU 
option, no WN design options are implemented, 
and the DI is at its maximum level. To offset the 
impacts, WN scenarios are developed as design 

 

options that reduce the urban water impacts. These 
scenarios provide different levels of impact 
reduction, depending on the scale and size of the 
intervention. The WN options can be applied inside 
the development area (new buildings and land) or 
outside (existing infrastructure retrofit). We define 
the remaining impact of new developments on the 
urban water system of the city once WN options are 
implemented as a Water Neutrality Development 
Impact (WNDI). Hence, if WNDI is null, the proposed 
WN options are fully offsetting the impacts of the 
new urban development, and WN is fully achieved 
(threshold marked by the blue line in Fig. 2).  
 
2.2 Water Neutrality Index 

Based on the novel WN systemic design concept 
we introduce the Water Neutrality Index (WNI), 
which measures the relative difference between 
Development Impact (DI) in the BAU scenario and 
the Water Neutrality Development Impact (WNDI) 
in the WN scenarios: 
 

WNI = (DI – WNDI / DI) x 100 (%) (1) 
 
The WNI needs to be 100 to achieve full WN and 

to maintain UWS at the pre-development levels.  In 
case the WNI is higher than 100, the existing UWS 
levels will be improved, creating an environment-
positive urban development.  
 
3. LONDON AS CITY CASE STUDY 

London’s population is projected to increase by 
70,000 people per year, reaching 10.8 million 
citizens by 2041 [19]. This will require an average 
increase of 66,000 new homes per year, for at least 
twenty years, and around 50% of these homes 
being affordable if Londoners’ needs are to be met.  

London is divided into 32 boroughs, which are 
sub-divided for statistical purposes into smaller 
zones called Lower Layer Super Output Areas 
(LSOAs). London’s urban pattern depicts a distorted 
grid radiating from the city centre to the city 
boundaries, changing in scale and density. Central 
areas follow traditional Georgian planning and are 
generally more compact with concentrated and 
large green spaces, while suburbs present a more 
sprawl distribution surrounded by metropolitan 
open land and a Green Belt [19].  

Based on the new London Plan, the 10-year 
predicted target for net housing completion in the 
city will be 522,870 new homes by 2030 [19]. 
Currently, the city presents a strong potential for 
urban regeneration, as large areas are reliant on 
ageing infrastructure and will benefit from 
redevelopment and investment opportunities. 

4. RESULTS 
The WN systemic design as part of CityPlan-Water is 
developed at city scale at this stage and is based on 
the future predicted housing growth in London, 
where 522,870 new households are aimed to be 
built during the next 10 years [19]. As the CityWat 
model is lumped at city scale [17], we cannot specify 
spatially where these new households will be 
located. However, the results show the aggregated 
effect of the impact of new development and the 
scale of interventions needed for impact mitigation. 
 
4.1 Analysis and visualisation of London’s urban 
form properties 

The area fraction equation [20] is used in this 
work to visualise London’s urban form properties 
objectively. Density maps (Fig. 3) inform about the 
heterogeneity of each urban form in London and 
will help decision-makers to perceive which parts of 
the city are in more need of certain WN design 
options. Although in Fig. 3 we only show blue and 
green area density (A), total impervious area 
density (B), and average household size (C); we also 
considered roof area density, total pervious area 
density, and population density as key urban form 
properties for WN.  

Hence, while roof area maximum value is 0.61 
and minimum 0.01, with an average across London 
of 0.22; the blue and green area ranges from 0.011 
to 0.909, with an average across London of 0.45 
(Figure 3A). While the total impervious area 
percentage is around 37% of the city, the average 
plan area indexes of the pervious and impervious 
areas are almost equivalent (around 0.5 each). In 
addition, some LSOA units show a maximum of 0.98 
of impervious area fraction, which reveals that 
there are London areas which are dramatically 
impervious, while others are very permeable, 
especially in the outskirts of the city. Finally, 
London’s average population is 5,195 people per 
km2, although this can go up from 15,924 p/km2 to 
92,722 p/km2 in the most densely populated LSOA 
zones. Regarding household size, the average in 
London is at 2.5 bedrooms per household although 
most of the central LSOA areas present between 1.4 
and 2.2 bedroom per household, and houses in 
residential outskirts go up to 4.1 bedrooms in 
average per household (Figure 3C).  

The urban form area fraction maps indicate that 
most of the building and impervious surfaces are 
concentrated in the central London, presenting 
major risks for flooding and the most significant 
challenges for urban WN. Although London is 
considered a green city, there are still some areas in 
the city centre that suffer from a lack of green 
space and a large percentage of impermeable 
surfaces. In parallel to this, a larger number of 
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citizens are concentrated in the city centre, where 
also the average household size is smaller than in 
the city boundaries. This might produce highly 
localised water demand patterns and severe issues 
of wastewater production and sewage overflow. 
Although these localised issues cannot be captured 
with the CityWat model, they could be evaluated in 
more detail with semi-distributed water 
management models [21] or other finer resolution 
evaluation tools. 
 
Figure 3:  
Key London’s Water Neutrality (WN) urban form 
properties represented in plan area fraction maps and 
divided by LSOA boundaries.  

 
Note: Source: British Geological Survey landcover dataset 
and UK Census 2011.  

4.2 Water Neutrality scenarios and systemic design 
options 

The scenario development process starts with 
the Baseline and the BAU simulations, which do not 
include any WN design option. The Baseline 
includes the impact from 3,266,170 existing 
households and a total population of 8,961,989 
people (UK Census, 2011), while the 10-year 
housing projection for the London BAU scenario 
adds up to 3,789,040 homes and 9,800,000 people 
[19].  

To introduce water efficiency, we consider 
installing appliances with an average of 35% water 
use reduction in all new 522,870 households 
(Scenario A). Next, we implement BGI solutions to 
the new building infrastructure. All new homes are 
equipped with 80% of green roof area in Scenario B. 
Finally, social awareness campaigns are assumed to 
affect the behaviour of all citizens living in new 
homes and reduce their demand by 4%, which 
defines Scenario C. The total number of citizens in 
new homes is calculated by the average number of 
people per household in London, estimated at 2.5 
(UK Census, 2011) and multiplied by the number of 
new predicted homes [19]. This is different to the 
expected population growth of the city as some 
citizens are expected to be relocated from existing 
areas. 

Rainwater harvesting design assumes a 400-litre 
tank installed in each new household. This volume 
is calculated by averaging the 1,000-litre tanks 
commonly used for individual households and 
considering a smaller capacity for flat buildings per 
household (Scenario D). To enhance the water 
reuse capacity, a Grey Water Reuse (GWR) system 
that assumes a 50% greywater recycle is installed in 
all new 522,870 new homes in Scenario E. Finally, 
Scenario F is set by aggregating all the WN design 
options from Scenarios A to E.  

Once the options for new homes are defined, 
scenarios for retrofitting existing homes and urban 
infrastructure are developed by implementing the 
WN design options outside the development area. 
It is predicted with CityWat simulations that 
432,500 existing homes is the minimum amount to 
fully offset the impacts in urban consumer demand. 
Hence, the Scenario G will implement efficient 
appliances of 35% consumer reduction in all these 
432,500 existing homes. The first retrofit stage 
(Scenario J) will aggregate all the WN options in 
new homes (Scenario F) with the Scenario G. As 
Scenario J does not offset flooding risk or river 
quality, in Scenario H we install RWH systems of 
400-litre tanks in all retrofit households. Next, the 
second retrofit stage (Scenario K) aggregates 
Scenario H with Scenario J.  

 

The CityWat simulations also showed that 19 
km2 of impermeable land needs to be made 
permeable in the existing London’s surface to 
completely offset the impacts in urban flood risk by 
new projected development. Hence, in Scenario I 
several solutions of BGI, all of them being 
permeable, are added to the city to reduce the total 
existing impervious area. In the end, all scenarios, 
both in new and existing retrofit solutions, are 
aggregated in the third and final retrofit stage 
(Scenario L), in which the impacts on the urban 
water system by new developments are aimed to 
be offset. 
 
4.3 Urban Water Neutrality of London 

After following the systemic design process and 
scenario development exercise explained above, 
the Urban Water Security (UWS) evaluation step is 
developed with the CityWat model. The simulations 
from the CityWat model provide raw values for 
each UWS indicator and each scenario. These raw 
values may be useful for water companies and 
environmental regulators such as the UK 
Environment Agency but might be hard to interpret 
by other stakeholders. Based on the raw values and 
following equation (1), we calculate the scores for 
the Water Neutrality Index (WNI) for each UWS 
indicators, which are much easier to be interpreted. 
 
Table 1:  
Water Neutrality Index scores based on the 10-year 
housing target in London.  

 
Note: It follows a colour code from red being WNI=0 
(worst WN outcome) to green WNI=100 (WN fully 
achieved) and having grades of yellow and orange for 
intermediate values.  

 
Table 1 demonstrates that urban consumer 

demand is not completely neutralised (WNI=100) 
until scenario J, which implies to fully implement all 
the WN design solutions inside development area 
and retrofit 432,500 existing homes with water 

efficient appliances outside the development. 
Urban flood risk is more difficult to be neutralised 
and does not achieve a score of WNI=100 until 
scenario L, which means to implement all the 
previous WN options and add 19 km2 of BGI to the 
existing London’s land. Finally, water quality 
achieves a maximum score of WNI=99 with scenario 
L too. Other intermediate scores for the WNI for 
each WN scenario are found in Table 1. 
 
4. DISCUSSION 

In this study, we first developed a WN concept 
for systemic design of new urban developments and 
then proposed a CityPlan-Water framework that 
includes the Water Neutrality Index as part of its 
evaluation cluster. From the results in Table 1, we 
observe that some WN design options are multi-
functional and have a significant effect on all the 
UWS indicators (i.e., RWH systems), while others 
only affect one or two indicators (e.g., green roofs 
or Grey Water Reuse, GWR, systems). Based on the 
results obtained from the WNI in London, for the 
level of options implemented we note that it will be 
necessary to retrofit a considerable number of 
existing households outside the development area 
to achieve full WN at a city scale in London (Fig. 4). 

 
Figure 4:  
Lumped London map with the three key WN interventions 
to achieve a water neutral city.  

These results of WN concept are based on the 
WNI value of 100, but this target could be scale-
specific (e.g., water neutrality at a borough or 
wastewater zone level) or set at a different WN 
level (e.g., 80% water neutral developments). 
Although the value of water in London urban 
developments might be similar for being part of the 
same city, this might not always be the case and 
some trade-offs between the costs and the benefits 
of the WN solution per unit of water could emerge 
too. Finally, the selection of UWS indicators and 
target value for each indicator may vary depending 
on the urban context and the decision-makers 
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involved. The targets for each Urban Water Security 
indicator might change depending on the urban 
area studied and its own properties (e.g., an area 
more prone to urban flooding could have a higher 
target for the urban flood risk indicator compared 
to consumer demand or river water quality in order 
to be considered ‘water neutral’). 
 
5. CONCLUSION 

The knowledge from this work and the 
application of the CityPlan-Water to the WN 
concept points to valuable potential to change how 
we design our cities to achieve urban water 
security. In this work, we presented the proof-of-
concept of CityPlan-Water and the use of spatial 
data is taken from a high-resolution BGS dataset 
and divided by the LSOA boundaries, but next 
stages might include more publicly available 
datasets or different boundaries (i.e., London 
boroughs or wards). Large urban developments in 
London are scheduled for the next 20-30 years, 
which will create an important impact into the 
overall water system of the city and could be 
studied individually or in conjunction inside 
CityPlan-Water.  

The framework has a strong potential for 
digitally enhanced decision making at different 
scales. Combining design and evaluation will guide 
different groups of stakeholders, some of those 
being housing developers, Local Planning 
Authorities or water companies, among others. In 
the end, the results from CityPlan-Water show a 
great potential of the framework to guide urban 
planners and policymakers from early stages of the 
planning process towards sustainability and urban 
resilience in cities’ design.  
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ABSTRACT: This article presents a study that relates the spatial structure of the local climate zones (LCZ) 
classification with the land surface temperature (LST) and vegetation index in the tropical climatic context of 
Brasília. The methodological procedures encompass the application of the LCZ Generator tool to create the LCZ 
map, the Landsat 8 dataset to retrieve land surface temperature (LST), and enhanced vegetation index (EVI). 
Also, the spatial autocorrelation analysis using Moran´s I statistics was conducted. The result of the LCZ map 
illustrates that 12 of the 17 possible main LCZ classes were founded in the region of interest. The boxplot analysis 
indicates that built-up classes LCZ8 and LCZ3 are associated with the highest LST and the lowest EVI.  The 
Moran´s I test reveals the presence of global and local associations for the LST and EVI indices. The study also 
shed light on the need for urban climate data at the local scale for Brasília to inform adaptation and mitigation 
strategies to overcome urban overheating. 
KEYWORDS: Land Surface temperature, LCZ generator, LISA cluster, urban warming, urban greening. 
 
 

1. INTRODUCTION  
Cities modify the local climate creating the 

urban climate effect, but they are also impacted 
locally by global climate change [1]. The climate 
impacts are related to city metabolism, people's 
well-being, energy, health, and pollution. For 
instance, the urban heat island (UHI) phenomenon 
is intensified because of urban growth.  

Voogt and Oke [2] state that UHI has been 
observed in the urban surfaces and the urban 
atmosphere. The surface heat islands (SUHI) mostly 
form in cities that are surrounded by moist soil or 
vegetation, cooled by the evaporation compared to 
the impervious urban surfaces. Therefore, it must 
be on the agenda of urbanists' and architects' work. 

 Only 61 years old, Brasília, the modern capital 
city of Brazil already experiences metropolitan 
problems due to the fast urban expansion. The 
changes in land use, cover, and their interactions 
with the urban climate require data production to 
describe the homogeneous urban patterns.  

Based on this aspect, the main objective of this 
research is to relate the spatial structure of the local 
climatic zones classification (LCZs) with the land 
surface temperature and vegetation index in the 
climatic context of Brasília.  

The LCZ consists of 17 main standard classes for 
characterizing urban landscapes, considering land 
cover, built types, and associated physical 
properties [3]. Detailed guidance about the classes 
and how to identify each one is given by Stewart & 
Oke [3] and in the global project WUDAPT – World 

Urban Database and Access Portal Tool 
(www.wudapt.org).  

 
2. METHODS 

The methods consist of four steps: first the 
identification of the study area. The second is the 
creation of the LCZ classification map. Next, we 
used Landsat 8 data to retrieve the enhanced 
vegetation index (EVI) and land surface 
temperature (LST). Finally, the spatial 
autocorrelation analysis between LST, EVI, and LCZs 
using Moran´s I statistics. The overview of the 
method is shown in the following sections. 

 
2.1 Study area 

Brasília is located in the center-western region 
of Brazil, with coordinates 15° 47’S, 47° 56’W, and 
1070 m above sea level (Fig. 1). According to 
Köppen and Geiger's classification, its climate is 
characterized as Aw (Tropical savanna). It presents 
two distinct seasons: (a) hot and humid season: 
rainy summer from October to April, and (b) hot 
and dry season: dry winter from May to September.  

The average temperature ranges from 19.3°C 
during the rainy season to 23,1°C during the dry 
season, according to the last climate normal (1991-
2020) recorded by the INMET - National 
Meteorological Institute [4]. The air relative 
humidity decreases in winter reaching an average 
level of 43.5%. 

 
Figure 1:  
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Location of the Federal District of Brazil and its macro 
zones: urban, rural, and protected area. 

 
Its Pilot Plan, designed by Lucio Costa, was 

inaugurated in 1960 and became a landmark for 
modern urban planning. It is a Unesco World 
Heritage site based on principles of the Athens 
Chart.  

The urban conception of the Pilot Plan of Brasília 
translates four distinct scales based on the 
separation of functions: monumental, residential, 
gregarious, and bucolic. The monumental scale is 
represented by the East-West axis which 
concentrates the most important administrative 
activities, visual landmarks, and some of Oscar 
Niemeyer´s buildings producing a monumental 
landscape.  

The residential scale, located in the north and 
south areas along the North-South axis, consists of 
blocks with residential buildings (maximum six 
floors and pilotis), local commerce, schools, and 
public green areas. The gregarious scale is located 
around the intersection of East-West and North-
South axes and is configurated in sectors: financial, 
commercial, hotel, hospital, radio, and TV. The last, 
bucolic scale was guided by the incorporation of 
green spaces, an important morphological element 
in Lucio Costas´s design.  

But today, the Pilot Plan is just one part of the 
Federal District, which is composed of 33 
administrative regions that show contrasting 
landscapes, density, urban facilities, and 
infrastructure. The unplanned urbanization also 
contributed to an intense process of commuting, 
characterized by the daily movement of thousands 
of people to the economic and administrative 
center inside the Pilot Plan. 

According to the last census [5], 96.5% of the 
population lives in urban areas that occupy 15.38% 
of the Federal District territory. Rapidly, the Federal 
District became the third-largest populated area in 
Brazil, with an estimated 3.015.268 inhabitants [5], 
behind São Paulo and Rio de Janeiro, which were 
founded in 1554 and 1565 respectively.  

 

Urban green spaces   
The city has been the target of environmental, 

cultural, historical, and socioeconomic concerns for 
the predictions of overpopulation, scarcity of water, 
energy demand, and urban warming. The District 
Climate Change Panel of the Environment 
Department of the Federal District Government 
(SEMA-DF) launched in November 2016 a technical 
document addressed to public policymakers.  

The report described heat waves that alarmed 
residents when thermometers marked 40 °C in 
some parts of the city and precipitation 
disturbance. To sum up, changes in the climate 
observed over the past 50 years indicate an 
increase of 1.85°C in the mean minimum air 
temperature and an increase of 2.1°C at the mean 
maximum air temperature. 

The temperature changes shed light on greening 
strategies for the urban area. Lucio Costa adopted 
large open and green spaces in his project and the 
vegetation was used to provide a smooth transition 
between the built and unbuilt spaces. In addition,  
they have the function of controlling the expansion 
of the Plano Piloto [6].  

This character of the transition between built 
and unbuilt reinforced the role of the bucolic scale 
as an element that also contributes to the structure 
of the urban tissue and lends the city a park feeling 
[6]. Outside the Pilot Plan, the green areas do not 
have such functions and they can be an exception. 

 
2.2 LCZ Classification 

An adequate description of the study area´s 
urban form and function is necessary both for 
studies in urban climate and for the integration of 
climate information in urban planning [1]. Thus, the 
LCZs approach, which represents the local scale 
from the climate point of view, was chosen to 
describe the city form. 

The first operation was the digitalization of the 
training areas (TAs) for the supervised classification 
platform called LCZ Generator [7], which maps the 
city into LCZs. TAs were carefully selected to be 
representative of the seasons of the year and 
obtained due to the characteristics of the LCZs 
system.  

A total of 100 TAs were digitized across the 
urban, rural, and natural areas using Google Earth, 
and 11 of the 17 main classes were found in our 
region of interest. 

Some of the urban zones were 
underrepresented: LCZ1 (compact high-rise), LCZ2 
(compact midrise), LCZ7 (lightweight low-rise), and 
LCZ10 (Heavy industry). Even though they exist in 
the city, their TAs are smaller than the minimum 
size of 1 km² required by the classification. In this 
case, guided by the Verdonck et al. [8] findings, all 

 

underrepresented classes were removed from the 
TAs set.  

The final Tas set, among geolocation and dates 
for satellite acquisitions, are the main inputs for the 
LCZ Generator (https://lcz-generator.rub.de). The 
output consists of the LCZ map and the accuracies 
results. 

 
2.3 Satellite indices 

The use of satellite thermal images is a 
technique of growing use by architects. Its use, 
combined with high spatial resolution images, can 
contribute to urban planning in terms of 
understanding the surface temperature variation, 
and its relationship with urban land uses. The 
availability of free images and the usage of open-
source software make studies economically feasible 
in developing countries. 

This step employs the Google Earth Engine to 
run an open-source script [9] to retrieve the mean 
LST and EVI indices for the year 2020. The Landsat8 
images were masked for clouds covering up to 15% 
of the scene (Table 1). The observation time of each 
Landsat8 scene for Brasília was close to 13:00 UTC.  

 
Table 1:  
Landsat-8 images adopted in this work. 

Image date Cloud 
cover(%) Image date Cloud 

cover(%) 
2020-04-27 2.3 2020-08-17 0.63 
2020-05-29 0 2020-09-02 0.02 
2020-06-14 0 2020-09-18 11.41 
2020-06-30 4.33 2020-10-04 0.01 
2020-07-16 0 2020-11-21 14.13 
2020-08-01 7.44 - - 

Note: Path/row of all images: 221/071. 
 

2.4 Global and local spatial autocorrelation 
To explore the spatial autocorrelation between 

the two variables, the Moran´s I statistics were 
implemented in Geoda software  
(https://geodacenter.github.io). The global spatial 
autocorrelation is used to reject the hypothesis of 
spatial randomness [10].  

The Local Indicator of Spatial Association (LISA) 
provides a relationship between the sum of the 
local statistics and consonant global statistics [10]. 
Thus, LISA describes the heterogeneity of spatial 
association across different locations defined by the 
LCZ polygons of the urban area.   

The Moran statistic was computed using a 
spatial weight matrix that defines the spatial 
relationship among the LCZ polygons [10]. Statistical 
significance was based on 999 permutations.  

As a result, the Moran´s I global coefficient, 
value ranges from -1 to 1. Positive values indicate 
spatial similarity, and negative values indicate 

spatial dissimilarity. The value 0 means the variable 
is randomly dispersed.  

The local indicator generates a cluster map 
containing four clusters: high-high (H-H), low-high 
(L-H), low-low (L-L), and high-low (H-L). The H-H 
cluster indicates variables with high values 
surrounded by high values at LCZ neighboring 
polygons. The L-H cluster indicates variables with 
low values surrounded by high values, and likewise 
for the other clusters.  
 
3. RESULTS 

 
3.1 LCZ map  

In this study, 11 of the 17 possible main LCZ 
classes were mapped in the region of interest (Fig. 
2): LCZ 3 (compact low-rise), LCZ 4 (open high-rise), 
LCZ 5 (open midrise), LCZ 6 (open low-rise), LCZ 8 
(large low-rise), LCZ 9 (sparsely built), LCZ A (dense 
trees), LCZ B (scattered trees), LCZ C (bush, scrub), 
LCZ D (low plants), and LCZ G (water). 

The overall accuracy of the classification is 73% 
(Fig. 3). Some representative zones were very 
accurately classified, above 80% accuracy, such as 
LCZ 3, LCZ A, LCZ C and LCZ G. More metrics refer to 
the overall accuracy for the urban LCZ classes only 
(OAu), the overall accuracy of the built versus 
natural LCZ classes only (OAbu), and weighted 
accuracy (OAw). The assessment protocol is 
detailed in Demuzere et al. [7]. 

 
Figure 2:  
LCZ map for the region of interest. 
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Lower accuracy was obtained for LCZ 4 (open 
high-rise). This class appears at low frequency in the 
Federal District, thus it lacks a large number of 
training areas. Some studies relate to the limitation 
of detecting height variations [8, 11, 12].  

A low accuracy value was also noted for LCZ 9 
(sparsely built). The hypothesis remains on the fact 
that this class is dominated by natural land cover, 
such as scattered trees and low plants, which is 
confused with one of the natural LCZ types. The 
probability of this class behaving thermally as a 
natural land cover was pointed out by Demuzere et 
al. [11]. The confusion between urban classes due 
to the similarity of the spectral reflectance 
characteristics was noticed as a common issue in 
several studies [11, 12, 13, 14].  

 
3.2 LST and EVI indices  

Figure 4 and Figure 5 show the LST and EVI maps 
generated from Landsat8 images. The delimitation 
of the urban area of the Federal District was used to 
cut the raster files in order to focus the analyses on 
the intra-urban distribution of the spectral indices. 

 
 Figure 5: 
Land surface temperature map of urban area. 

 

 

 
The boxplots for LST and EVI values versus LCZ 

classes are shown in Figure 6 and Figure 7. The 
results indicate the hottest zones: LCZ 8 (large low-
rise) and LCZ 3 (compact low-rise). The LCZ 17 (G – 
water) and LCZ 11 (A – dense trees) had the lowest 
LST, as expected.  

The built-up classes that presented the highest 
EVI values also revealed the lowest LST: LCZ 5 (open 
mid-rise), LCZ 9 (sparsely built), and LCZ 6 (open 
low-rise).  

 

 

 

Figure 4:  
Accuracy metrics. 

 

Figure 3:  
EVI  map of urban area. 

Figure 6: 
LST boxplots for each LCZ class. 

Figure 7: 
EVI boxplots for each LCZ class. 

 

The LCZ 5 is representative of the residential 
areas of Brasília´s Pilot Plan, designed according to 
the modernist view of Lucio Costa, highlighting 
density control, midrise buildings with pilotis, green 
belts, and restricted streets (Fig. 8). Among the LCZ 
6 and LCZ 9, they are the predominant classes in 
wealthy neighborhoods.  

The LCZ 3 is the predominant morphology of the 
consolidated periphery (Fig. 8). The LCZ 9 is also 
common in the periphery regarding areas in a 
consolidation process. In the future, some of them 
are expected to change the classification status 
toward LCZ 6 or LCZ 3 (Fig. 9).  

 

 
Figure 9: 
Example of peripheral area (west) in a land cover/land use 
transformation process. Source: Google Street View, 
consulted online on the 14th of March 2022. 

 
 
 

3.3 Spatial autocorrelation analysis 
The Moran´s I test value of 0.78 reveals the 

presence of global association for the LST. The LISA 
map (Fig. 10) shows the clusters high-high and low-
low suggesting LCZ with high LST surrounded by 
another LCZ with high LST. The reference to high 
and low is relative to the average of the neighbours, 
which is sensitive to the effect of outliers (e.g. the 
LCZ 17, an urban lake, could be pulling the overall 
average down).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
The need for urban climate data for the Federal 

District of Brazil is crucial to evaluate impacts on the 
thermal environment and to inform adaptation and 
mitigation strategies to overcome urban 
overheating. Hence, the LCZ map and satellite 
indices were used in an exploratory study of the 
global and local spatial autocorrelation.  

The Moran´s I test reveals the presence of global 
and local associations for the LST values. The 
boxplots indicate that built-up classes with a high 
impervious surface such as LCZ 3 and LCZ 8 are 

Figure 8: 
Example of LCZ 3 (A) and LCZ 5 (B) located at Itapuã (A), 
and Plano Piloto – Asa Sul (B). Source: Google Street View, 
consulted online on the 14th of March 2022. 

Figure 10:  
LISA cluster map and significance map – univariate 
analysis. 
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associated with the highest LST. On the other side, 
the open arrangement with an abundance of 
pervious land cover and trees such as LCZ 5, LCZ 6, 
and LCZ 9 showed lower LSTs.  

The knowledge of the spatial pattern of 
temperature hot spots and their associated land 
cover/built types is essential to map the trends of 
urban spread. This approach can be useful to urban 
planners to evaluate heat mitigation strategies such 
as planting trees, surface albedo, blue 
infrastructure, etc.  

Future studies can focus the analyses on 
different seasons to enhance the results because of 
the variation of the vegetation due to the rain 
pattern. Further, air temperature data, including 
wind speed and mean radiant temperature would 
link the classification more directly to an indicator 
connected to human well-being for specific times of 
the day. The exposure to heat stress may be 
especially high in zones with a lack of vegetation. 

Finally, the need for local warming information 
is considered crucial to localize vulnerable areas to 
develop a resilience plan, taking into account the 
particularities of each zone. Brasília contains several 
modernist buildings, public spaces, and unique 
urban planning at its core: the Pilot Plan. The 
presence of a highly valuable historical site 
reinforces the importance to improve the thermal 
environment of the city alongside the conservation 
of its modern heritage.  
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Wladimiro Acosta and the Helios System: 3 case studies 

Comparative analysis and critical review 
 

COLLO, FLORENCIA¹  
 

¹ Atmos Lab 
 

 
ABSTRACT: Wladimiro Acosta was a pioneer in the use of meteorological science for architectural purposes. His 
Helios System, a methodology that he created in the 1930´s for designing with the sun in temperate warm 
climates, has proven to be grounded and sound. This paper reviews its application in three case studies across 
Argentina. The analysis is carried out through contemporary knowledge, solar and thermal simulations. Results 
prove that Acosta´s system works across different climates in the country and translates into sound thermal 
performances, even for contemporary standards. 
KEYWORDS: Solar design, Helios System, Wladimiro Acosta, Argentinean modern architecture 
 
 

1. INTRODUCTION  
Wladimiro Acosta was an absolute pioneer in 

the use of meteorological science for architectural 
purposes. Previous research carried out by the 
author (1) reviewed the validity of his Helios 
System, a methodology that he created in the 
1930´s for designing with the sun in temperate 
warm climates. The research also pointed out his 
deep knowledge in the field that he gathered 
through climate, geographical, cultural and 
technical studies, as soon as he migrated to 
Argentina. His understanding about thermal 
comfort was accurate and he was probably the first 
architect to consider the science holistically from 
climate studies to building physics and how can 
design impact on physiological sensations:his theory 
compares with the contemporary approach to 
environmental design. This paper critically reviews 
the application of the Helios System into 3 case 
studies across Argentina. Conclusions are drawn 
from design features, solar, and thermal 
simulations. The work of Acosta is a key reference 
for Argentinean architects, as one of the first 
modern architects to practice in the country and 
with a strong line of thought rooted locally. 
 
2. THE HELIOS SYSTEM 

It is a design methodology for the temperate 
warm climate dominant in Argentina:the “starting 
point is the orientation of the building for which the 
decision is subject to solar access, breeze capture, 
and moisture regulation” and points out North as 
the most advantageous one, followed in order by 
NE, and East and West. The “shading slabs” are the 
most prominent feature: a “combination of large 
projecting slabs of 2m or more, elevated at a double 
height of 4,50 to 6m, and vertical protections N-S 

oriented” (Figure 1). As for the openings, Acosta 
explains how to adjust the size according to 
orientation for solar control, and how to consider 
shape and position to enhance daylight distribution 
and natural ventilation. He also suggests that all 
windows should have an operable upper part for 
winter ventilation purposes (Acosta, 1936). 
Figure 1:  
Section of a house with the Helios System 

 
 

3. METHODOLOGY 
The review of the designs is grounded on 

contemporary knowledge and simulation tools. 
Climate data was extracted from Meteonorom v8.0 
(1980-2020), solar simulations were performed with 
Ladybug, and thermal simulations with EnergyPlus 
through Honeybee. A shading mask was performed 
on the shading systems to evaluate their 
effectiveness, sun hours were used to see how 
sunny outdoor spaces are, and solar radiation was 
calculated in summer and winter to study how 
much solar heat is regulated by Acosta. A version 
without the shading slab is calculated to evaluate 
how much heat it offsets in summer. Thermal 
simulations were used to understand conditions in 
free running mode as well as the heating load to 
compare with contemporary standards. All the 
houses have double brick walls with an air gap (U-
value 2.7W/m2K), single glazing (U-value5. 7W/m2K) 

 

with night shutters (night U-value 1.87W/m2K), and 
concrete slabs (U value 3.17W/m2K). Infiltration was 
set as a “leaky building” for the EN standards, which 
translates approx. into 1ach. Free running zone 
operative temperatures were evaluated against the 
adaptive comfort zone based on EN 15251 (cat. II). 
For the heating load, the setpoint was 20ºC to 
match the EN norm. 
 
4. CASE STUDIES: HOUSES AND CLIMATES 

Case studies are summarised in Table 1 (Acosta 
and Gaite, 1976), together with climate data. The 
first one is the House in Ramos Mejía, in the 
outskirts of Buenos Aires, for the world-known 
photographers Grete Stern and Horacio Coppola. 
The second is the House in La Falda, Córdoba, 
emblem of the Helios System, as he presented the 
system to the public with this case study. The last 
one is the House in Bariloche, in the south of 
Argentina, for a couple with two kids. He designed 
several houses with this prototype, but only built 
this example. This house is not widely published. 
 
4.1 The climates 

The climate of Buenos Aires (latitude 34ºS) is 
characterised as Cfa in the Koppen-Geiger 
classification, temperate, with no dry seasons and 
hot summers. The outskirts are more continental 
than the zones next to the river with a higher 
diurnal variation, reaching at least 12ºC. Summers 
are hot, with an average high temperature of 31ºC 
and very high solar radiation, reaching 867 W/m2. 
47% of the time it is sunny, and the direct 
component is twice to three times the indirect one, 
which explains the importance of an effective 
shading system. The high diurnal variation calls for 
the use of thermal mass to stabilise temperatures. 
Winters are mild, with an average temperature of 
10ºC in the coldest months.  Mornings are cold 
(average of 4ºC), but days are sunny (around 45% of 
the time) and solar radiation is intense, reaching 
more than 400 W/m2, which brings temperature to 
16ºC on average in the afternoon. 

The climate of La Falda is Cfb, temperate with 
no dry season and warm summers. The latitude is 
31.5ºS, lower than Buenos Aires, but at 900m 
altitude, and in a much more continental area. The 
yearly average is slightly lower (17ºC for Buenos 
Aires, 15.8ºC for La Falda), but the diurnal range is 
higher, especially in winter. Summers reach an 
average high of 28.5ºC and are 42% sunny. In 
winter, it is common to wake up with 1ºC, but 
temperature reaches on average 16ºC in the 
afternoon, due to the higher solar radiation and 
proportion of sunny days (69%). This climate calls 
for special attention in capturing the winter sun. 

The climate of Bariloche (latitude 41º, altitude 
900m) is classified as Csb, temperate, with dry and 
warm summers. The annual average is 10.8ºC, 

which is very low. In summer, skies are sunny, with 
an average total radiation of 924 W/m2 a day -more 
than in Buenos Aires and in La Falda. Temperatures 
in the morning are as low as 8-9ºC, but the 
afternoon reaches 23.6ºC on average. Winters are 
very cold, with a temperature average of 2ºC. 
During 1/3 of the days, temperature starts the day 
below 0ºC, and rises during the afternoon due to 
the high solar radiation. This can happen from early 
March to early November. Wind speeds are very 
high (average of 5.6m/s), which adds up to the cold. 
 
4.2 The houses: comparative analysis 

Acosta applied the principles of the Helios 
System in all his housing designs. The consistency 
with which he applies them is remarkable as none 
of the designs are similar in plan, but they all still 
follow the concepts. It is interesting to notice that 
the aesthetics of the houses is unique and 
distinguishable, an aesthetic where one can 
instantly recognize the challenges of the climates. 

To deal with heat, in general, Acosta relies on 
the shading slab as horizontal solar protection, 
avoids openings on the west orientation where the 
sun is more intense, and creates cross ventilation 
through large openings at occupant height with 
mosquito nets. He designs different window types 
based on the specific position, orientation and use, 
whether sliding, pivoting, fixed or glass louvered. 
Shaded outdoor spaces below the shading slab can 
always be enjoyed during the hotter hours.  

To deal with the cold, Acosta ensures big 
openings towards the north receiving full winter 
sun, and limits heat losses in all other orientations. 
Service functions and storage systems towards the 
south act as buffer spaces for the main rooms. All 
openings are equipped with an upper opening to 
ventilate above occupant height, and night shutters 
to further control heat losses. He also installs 
chimneys, concentrating night-time use in the 
warmer area. At the time insulation did not exist, so 
he used double layer brick walls with an air gap 
acting as insulation. 

The house of Ramos Mejía was finished in 1939. 
It is inside the urban tissue, in a typical double plot 
of the city -17.5m wide- with a large garden. As 
most of the plots in Buenos Aires, it is rotated 45ºC 
from the cardinal points, with the front façade 
facing SW and the back one facing NE. The living-
room, bedrooms, nursery, and kitchen are facing 
NE, and are protected by the system´s shading slab. 
The window-to-wall ratio reaches 30%. Towards the 
SW, Acosta positions the garage, storage, entrance, 
and the big photography atelier. He purposedly 
designed a very large window with U glass (to 
prevent from such a large heat loss) towards the  



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

566 567

 

Table 1: Case studies and climates 

 

SW to get most of the year indirect light and 
incorporated other light sources from the NE and SE 
to add lighting variety (Acosta, 1946).  

The house in La Falda was finished in 1940, and 
Acosta used it to present the Helios system to the 
wide public as he probably considered it its finest 
example (1943). The site was large and Acosta could 
choose the positioning and orientation of the 
house. The plan is relatively compact: living room, 
coin de feu and bedrooms are facing North, 
whereas circulation, kitchen and storage are facing 
South. He also positioned work areas towards the 
south -a studio and ironing zone- in order to have 
bright indirect light to perform the tasks. The 
window-to-wall ratio towards the north is large -
34%, followed by the east one -26%- where he 
locates the dining room and a secondary bedroom. 
West and south window-to-wall are minimised -10 
and 13% respectively-, as openings are only 
intended for minimum light purposes and cross 
ventilation. The Helios shading slab is intended for 
the large living room of the ground floor. 

The house in Bariloche (1959) is the smallest 
one, as the climate calls for compacity and 
reduction of heat loss. It was located on a steep 
slope facing the beautiful Lake Mascardi towards 
the west, which prompted Acosta to rotate the 
house from the traditional North orientation. All 
main rooms are therefore facing west to get the low 
sun and the views: this deviation is possible due to 
the much colder climate. The living and dining room 
has openings towards the East, North and West. 
The kitchen and bathroom are orientated east, 
together with circulation and storage. This 
orientation has the steep slope, so the solar 
potential is reduced, especially in winter. The 
window-to-wall ratio towards the North and West 
reach 19%, whereas towards the east they are 
reduced to 11%, and no openings face south. In 
order to reduce the heat loss in this very cold 
climate, Acosta designed an inclined roof with a 
large air gap in between acting as insulation. Here, 
the Helios System is narrower and shorter, as the 
climate requires less protection. 

 
5. SIMULATION ANALYSIS 
 
5.1 Solar simulations 

Results are shown in Table 2. The shading mask 
of La Falda proves that the system prevents the 
direct sun from reaching the glazed surfaces 
throughout the day for the 4 to 5 hottest months. 
During the rest of the year, the sun enters the living 
space throughout the day. During winter, the large 
windows in the north orientation receive high 
amounts of radiation (approx. 300 kWh/m2) which 
translates into a significant amount of passive heat. 
East and West windows also receive a fair amount 
(180-190 kWh/m2) to heat up the house. During 

summer, large north windows receive around 1/3 
less radiation than in winter, which shows the 
success of the design. Without the Helios System, 
north windows would receive 50% more solar 
radiation in summer, which would add too much 
heat to an already hot atmosphere. The east and 
west orientation receive high amounts of radiation: 
in the east, the sun is welcome as it reaches the 
windows when temperatures are still 15-20ºC, 
whereas in the west, windows are minimal serving 
only service zones. This reduces significantly the 
heat added to the house. The garden receives the 
sun all year round, and the shading slab creates a 
shaded exterior area for summer. 

In Ramos Mejía, the slab protects the main NE 
windows from the intense and high midday sun. 
Windows receive radiation during the morning in 
summer, and up until 1-2pm in winter. The NW 
orientation is protected all year round (except some 
hours during winter) to avoid adding heat during 
the afternoon. Both orientations receive very 
similar amounts of radiation in summer and in 
winter (around 220 kWh/m2), which proves the 
ability of Acosta to control the sun.  Without the 
shading system, windows would receive 25% more 
radiation during summer. It is worth recalling that 
controlling the sun in the NE and NW is harder than 
due north due to the lower angles. The SW and NW 
orientations have very little windows, to prevent 
the heat of the afternoon, except for the atelier, for 
which the intentions were explained earlier. As in 
the case of La Falda, the garden is in full sun all year 
round, but the slab creates a protected shaded area 
during summer. 

In the Bariloche case, the sun reaches the glazed 
surfaces all year round to add heat to the cold 
atmosphere. The shading slab protects the west 
windows only from the high midday summer sun 
and reduces the solar radiation on these surfaces 
from approx. 280 to 210 kWh/m2, some 25%. 

 
5.1 Thermal simulations 

Results are shown in Table 3. The house in La 
Falda has a remarkable thermal performance. The 
main living room reaches 59% of the time in 
comfort: only at night it is not naturally in comfort 
and during some of the coldest winter days. During 
most of the winter, the space captures effectively 
the sun and raises its temperature naturally. During 
daytime, the house is some 5ºC warmer than 
outdoors, reaching comfort, and at night it is 15ºC 
warmer thank to the thermal inertia that keeps the 
heat. The heating load of the space and house is 
relatively high (50 kWh/m2 for the living room and 
75 kWh/m2 for the full house). In reality, heating 
would only be required the days without sun during 
winter, which are not much. During summer, 
temperatures are in comfort throughout the day 
without overheating. At night and during the  
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Table 2: Solar analysis 

 

mornings, temperatures are around 20ºC (outdoors 
is around 15ºC) whereas in the afternoon it reaches 
some 28ºC, which is still in comfort. The inertia of 
the walls stabilises temperatures and keeps them 
below outdoors during the hottest hours. 

The main space in the Ramos Mejía house is 
fairly protected as it is exposed only to the NE. It 
remains 46% of the time in comfort and is only cold 
during some winter days and nights. On average, 
temperature is naturally between 13 and 16ºC in 
winter, but during sunny days, it reaches the 
comfort band. This translates into a sound thermal 
performance, as the space only needs 20 kWh/m2 
of heating. Compared to the entire house (total of 
83 kWh/m2), this space requires the least amount of 
heating (together with the bedrooms), which 
reveals Acosta´s strategic thinking. During summer, 
the house is also in comfort and protected by the 
shading slab. The main room only overheats during 
1% of time, which is low for a climate that reaches 
an average high temperature of 31ºC in January. 
The thermal inertia of the walls and slabs and cross 
ventilation help to reduce temperatures and keeps 
them inside the comfort band. The space maintains 
the daily average at night (24ºC) and increases its 
temperature up to 28ºC during the day, which is up 
to 5ºC lower than outdoors during peak hours. 

The house in Bariloche is cold across the year 
due to the general very low outdoor temperatures. 
Main rooms are in comfort for around 30% of the 
time spanning from early October to end of March. 
During summer, the house has temperatures 
between 20 and 26ºC, and is in comfort naturally. 
During winter, temperature inside swings from 6 to 
12ºC naturally, which is 5 to 10ºC above outdoors. 
For a house without insulation and in a climate with 
such low temperatures, the performance is not bad. 
However, Acosta was well aware that this was not 

his best example which is why he kept the design 
far from the public eye: this house is only published 
in his complete works and has little information. 

 
6. DISCUSSION 

Solar simulations show that Acosta could 
accurately predict the sun´s position and its effect 
in all the latitudes and use it to design efficiently. 
The system proves to work properly in all the cases 
as solar radiation is minimised on glazed surfaces in 
summer but maximised during winter. Thermal 
simulations validate his methodology as sound 
performances are achieved in the main rooms of 
the house with no overheating. 

 
7. CONCLUSION 

The principles of the Helios System were 
reviewed in a previous paper. Its application into 
case studies is consistent and proves to be effective 
for a sound thermal performance. Its simplicity and 
versatility allow adaptation to different contexts 
which suggests that it can still be implemented 
today in housing designs across the country. 
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ABSTRACT: For hundreds of years in Oman, settlements were forged in harmony with the natural features and 
resources of each site including mountains, wadis, and favorable climatic conditions. However, accessibility of 
cheap energy in the late 20th century gave rise to an urban sprawl along the lowlands and coastal areas, leading 
to the abandonment of the environmentally friendly mountain regions. This paper revisits the climatic potential 
of the mountain regions and proposes a prototype city raised in the highlands with significantly minimized 
energy demands. Challenges of the past to sustain large-scale settlements in highlands due to insufficient water 
supplies are now proposed to be overcome using advanced technologies that utilize channeled water supply. 
With a compact urban density, climate adaptation strategies, an enhanced exterior comfort of urban spaces and 
the development of amenities in walkable distance for the new inhabitants would be pivotal in realizing the full 
potential of these settlements. As an exemplary site, the highlands of Al Jabal Al Akhdar mountain range of 
Oman, 2000 meters above sea level, are used to present proposals for climate-adapted developments. The 
results demonstrate how higher altitudes can uplift the quality of living to be more environmentally friendly, 
efficient and enjoyable. 
KEYWORDS: Urban Ecology, Climate Adaptation, Bioclimatic Development, Energy Efficiency, Passive Design  
 
 

1. CITIES OF TODAY – POSTPANDEMIC REVELATIONS  
The world as we know it has changed forever. In 

recent months, the Covid-19 pandemic has brought 
forth a form of living that mankind had never 
foreseen. While there have been several differences 
of opinion on the execution of measures, the world 
today wonders if this new form of life is here to stay, 
and if so, what this means for our daily urban lives. 
Will people continue to flock to dense urban 
environments in hopes of better livelihoods? Will the 
meaning of “happy cities” change? What qualities of 
our existing cities would we wish to retain, and what 
qualities are we happy to let go of? Has the pandemic 
acclimated us to leading isolated lives in fear of our 
own health? Or has this period of isolation made us 
appreciate, more than ever before, the importance of 
communal living? Have the simple joys of a walking or 
biking in the neighborhood park and urban 
interactions found new meaning in our daily lives? 
Will we begin to live more consciously of our 
environments?  

While the coronavirus pandemic is quite possibly 
the biggest transformation that we have been faced 
with, the past year has also brought to light the 
consequences of careless consumption of energy 
resources and pollution. From bushfires to 
hurricanes, floods, cyclones, and temperature 
extremes in the case of Oman, the message is clear: 
decades of the climate crisis have altered the course 

of our cities. Our job as planners remains to seek 
regenerative solutions to achieve cities that remain 
healthy and resilient in the face of global current 
crises.  
 
2. LEARNING FROM YESTERDAY – THE CASE OF 
TRADITIONAL MOUNTAIN OASIS TOWNS IN OMAN 

For hundreds of years in Oman, settlements were 
forged based on the availability of resources such as 
good soil, water, vegetation, and favorable climate 
conditions. These settlements existed in harmony 
with natural features available to each site including 
mountains and wadis [1]. However, following 
economic, political, and cultural developments in the 
1970s, the accessibility of cheap energy gave rise to 
an urban sprawl along the lowlands and coastal areas, 
leading to the abandonment of the environmentally 
friendly mountain regions. Today with rising concerns 
of global warming coupled with depleting oil 
resources in the context of Oman, extreme 
temperatures in the lowlands and Batinah region 
along with unfeasible energy demands are inevitable.  

However, by comparing the unsustainable 
development of today with the traditional Omani 
settlement structures, a lot can be learned about the 
application of passive energy-efficient design 
strategies for future settlement planning. 
 
 

 

 

2.1 Exemplary Mountain oasis towns in Oman  
To revisit strategies that allow for the planning 

and construction of new sustainable cities, it would 
be worthwhile to conduct a case study of the 
following traditional settlements in their urban 
layout, as well as their manner of construction: 

Misfat Al Abriyeen, located in the province of Al 
Hamra, is a former agricultural centre built from 
clusters of low-rise mudbrick structures. Constructed 
from local materials like earth, stone and wood from 
date palms, the settlement sits atop a rocky ridge of 
around 150 m, with compact clusters of homes and 
the occasional souq and mosque structures 
positioned above the confluence of two wadi streams 
[2]. The entirety of the settlement was fashioned with 
thick mudbrick structures with openings placed 
strategically to enable cross ventilation. Furthermore, 
while the settlement most likely occurred due to the 
availability of water and agricultural land, the 
residents of the settlement sustained their livelihoods 
through the development of stepped terrace farming 
of local fruits and vegetable, irrigated by refined 
water channels called the falaj, thus utilizing the 
terrain available to them. Not only is the settlement 
an example for the application of site-specific passive 
design strategies, but it also sets forth an example of 
harnessing existing resources for settlements in the 
highlands to flourish autonomously. 
 

Figure 1: The hajar mountain area and highlands (photo by 
authors) 
 

The oasis village of Bilad Sayt, located in Wadi 
Bani Awf, like most other oases settlements in Oman 
began as a dense agglomeration of low-scale houses 
rising only up to two or three levels. The settlement 
also contains agricultural lands with gardens of palm 
trees, irrigated by the falaj system, which was, and 
continues to be today, the dormant water 
distribution system. The materials and organization of 
the village reflect the cultural and economic lifestyle 
of its inhabitants that are sustained primarily through 
trade and agriculture [3]. This, once again, is an 
example where traditional building materials, 

methods and planning approaches are implemented 
to the best of the inhabitants’ abilities and expertise. 
Three factors primarily determined the layout of 
these traditional settlements: “ease of defense, 
topographical constraints, and climate” [4]. 
 
3. CITIES OF TOMORROW – REVISITING THE 
HIGHLANDS  

While traditional Omani settlements built 
hundreds of years ago represent excellent models of 
climate-adaptive planning centered upon maximizing 
the potential of every site, the settlements of today 
fail to cater to the same principles. Today, Omani 
cities, specifically in the lowlands and coastal areas, 
suffer from extremely high temperatures that are 
further emphasized by inefficient planning, urban 
fringes, and a suburban dystopia. Where dense 
settlements, narrow streets and thick mudbrick 
structures once harmonized with lush palm 
vegetations to keep the harsh climate at bay, the 
sparsely built cities of today with little to no 
vegetation, sun protection measures or ground 
surface considerations rely heavily on energy-
intensive air-conditioning. While this once might have 
seemed feasible due to abundant oil reserves and an 
economic boom, the rising climate concerns, and 
overall environmental awareness of today has made 
the necessity for an energy-efficient solution quite 
explicit. Therefore, the objective of this paper is to 
provide a strategy for prototype cities for the future 
development of Oman that explores and thrives in 
the climatic and energy potential of the mountain 
regions. This paper first presents the numerous 
benefits of living in the highlands. Through the 
research-by-design methodology, the paper then 
derives climate-adapted urban development 
strategies to facilitate highland living from 3 sets of 
design proposals for the selected case study site. In 
doing so, the paper presents ascertainable methods 
to be applied as urban design principles for a more 
sustainable future.  As a solution for cities with 
extreme temperatures, new settlements could be 
raised at highlands where better climatic conditions 
with significantly minimized energy demands for air 
conditioning would pave the path for new urban 
planning policies in Oman. The challenge in the past 
to accommodate and sustain large-scale settlements 
in highlands due to insufficient water supplies could 
now be overcome using advanced technology and 
systems, including the storage and utilization of 
rainwater received frequently in these mountain 
regions. Urban qualities characterized by increased 
density, climate adaptation strategies, better exterior 
comfort of urban spaces along with the development 
of social and cultural functions to reduce commuting 
to other parts of the city would be pivotal in realizing 
the full potential of natural features of the mountain-



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

572 573

 

 

scape. Exemplary to these mountain regions, the Al 
Jabal Al Akhdar mountain range of Oman 
encompassing the Sayq Plateau is presented as a case 
study. 
 
3.1 Location of Sayq Plateau 
 

 
Figure 2: New proposed urban area in the highland of Sayq 
Plateau compared with Capital Area of Muscat (Source: by 
author and google earth) 
 

Located 2000m above sea level, the Sayq plateau 
in the Jabal Al Akhdar mountain range of Oman avails 
cooler temperatures and more rainfall compared to 
the lowlands and desert plains. Due to a relative 
abundance of freshwater resources thanks to water 
channels directing groundwater as well as stored 
rainwater, the oasis settlements of Sayq Plateau 
continue to exist to this day, heavily dependent upon 
the productivity of their lush crop fields, orchards and 
other fruit gardens [5]. Exemplary of a culturally 
unique, agro-pastoral livelihood system coping with 
an otherwise fragile environment, the Sayq Plateau 
serves as an excellent example for highlands that are 
worth revisiting to build cities with higher 
sustainability and liveability standards [6, 7]. 
However, like several other oasis settlements of the 
region, the older, vernacular quotients of the city are 
increasingly being abandoned, with families and 
younger individuals moving to the suburban units due 
to lack of infrastructural planning or career prospects.  
 

 
Figure 3: Site proposal at Sayq Plateau (Source: authors) 

 
However, to combat rising energy demands and 

unsustainable planning practices on the rise today, 
this paper explores the possibility of setting forth an 
example of a well-sustained, nearly self-sufficient 
settlement in the highlands, achieved through 
adequate infrastructural planning complemented by 
site-specific urban design solutions that acknowledge 
and harness the climatic and energy potential of the 
region. 
 
3.2 Climate comparison 

The following diagrams present a comparison 
between the climate data of the Sayq Plateau with 
that of the capital area of Muscat. 
 

 
Figure 4: Comparison of average temperatures (high and 
low) of Sayq (purple color) and Muscat (green). Source: 
Weatherspark.com / Cedar Lake Ventures Inc. 
 

 
Figure 5: Comparison of average precipitation (high and 
low) of Sayq (purple color) and Muscat (green). Source: 
Weatherspark.com / Cedar Lake Ventures Inc. 
 

As presented in the above charts, the Sayq Plateau 
receives far more precipitation all year round than 
Muscat, thus leading to better reliability on green 
plantations. The highlands also display significantly 
better temperatures all year round with a highest 
mean high temperature of 32 degrees Celsius during 
peak summer, as opposed to a mean high 
temperature of 39 degrees in Muscat during the 
same time period. In addition, the average air 
humidity at the Sayq Plateau is significantly lower 
than in Muscat. The lower air humidity also has an 
impact towards much more pleasant climatic 
conditions at the Sayq Plateau.  
 

 

 

4. CASE STUDY PROJECTS FOR A NEW CLIMATE 
ADAPTED CITY IN THE HIGHLANDS OF OMAN 

The following section presents a selection of three 
student thesis projects from the German University of 
Technology, developed under the supervision of the 
principal author of the paper. The millennia old 
symbiosis between nature and urbanity is explored by 
proposing how the future settlements of Oman could 
adapt to this new climate and land while perceiving 
the natural surroundings and responding to the 
environment. Thus, this contribution aims to propose 
settling in highlands such as Al Jabal Al Akhdar, 
availing near-Mediterranean climate as opposed to 
the extreme hot and arid climate in the low lying 
areas. It explores the possibility of drawing water 
from low lying areas that modern technology and 
advancements have now made feasible, thus making 
it viable for large scale settlements to prosper in 
these highlands. As demonstrated in the exemplary 
theses’ masterplans below, it would be vital to 
integrate the distinctive features of Al Jabal Al 
Akhdar’s landscape, flora and fauna as a staple of its 
economy and identity while introducing new lives, 
daily rituals and production materials without 
damaging or leaving a trace upon nature. In a city 
with a much more pleasant climatic potential further 
elevated by appropriate planning measures, our 
primarily indoor-driven lifestyle propelled by extreme 
weather conditions could be transformed into one 
that is healthier, outdoor-driven and revels in the 
comfort of moderate temperatures. Could we enjoy a 
cup of kahwa outdoors at noon like the French enjoy 
croissants for lunch in the streets? Could higher 
altitudes uplift our quality of living to be more 
environmentally friendly, efficient, and enjoyable? 

 

 
 

Figure 6: Design proposal of urban development looping 
around a central wadi (Plan by Nusrat Kamal) 

 
As shown in figure 6 this project proposes a 

primary “loop” around the wadi stream, bejeweled 
with dense, mixed-use structures consisting of 
schools, universities as well as offices, cultural 
establishments and basic services. A road network 

around the loop is proposed with minimum crossings 
over the untouched wadi, clearly assigning priorities 
to pedestrians and cyclists. Right at the heart of the 
loop sits a student city and an agricultural field, 
catering to the inhabitants residing in the plethora of 
dwellings available. The project recognizes the 
existing agricultural possibilities in parallel with the 
newly proposed mixed-use infrastructure as the 
“drivers” of the city and its social and economic 
structure, thus envisioning an educated, progressive 
society that understands, acknowledges, and truly 
taps into the potential of the site. 

 

 
Figure 7: Bachelor thesis proposal – Development of varying 
densities for smooth transition into existing settlements 
(Plan by Abeer Al Hinai) 
 

The case study project shown in figure 7 focuses 
upon densifying existing settlements and establishing 
well-connected newer developments. Drawing 
inspiration from the structure of traditional older 
Omani cities, vibrant city centers are proposed along 
the wadi junctions, in addition to smaller centers 
placed within the neighborhoods that cater to the 
residents’ everyday needs. By determining soft 
mobility as a priority that is made possible due to 
moderate climatic conditions, the entire proposal 
centers upon the themes of proximity, multi-
functional neighborhoods and varying density.  
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Figure 8: Bachelor thesis proposal – Development along a 
linear stream of cores / centres (Plan by Arwa Dayyani) 
 

A system is also proposed whereby larger, denser 
structures are proposed closer to the wadi junctions 
and city centers, whereas smaller, low-lying building 
are proposed further away from the centers to allow 
for better transition into the existing settlements. 
Ultimately, a module-based approach is adapted to 
configure a range of building typologies, public 
spaces, urban green areas, and pedestrian walkways.  

The project shown in figure 8 focuses on the 
establishment of a city centre with multiple cores 
formed in harmony with the site’s terrain. It 
emphasizes upon development principles on the 
themes of Accessibility, Quality and Density. Further 
to improving inter and intra-city connections, the 
project also views the street to be as valuable as an 
open space and demands that they’re designed and 

treated with the same attention. It also proposes a 
density for the site that is divided to smaller scale 
development comprising of varying building 
typologies depending upon the terrain on the site and 
the functions adjacent to each neighbourhood. Lastly, 
the proposal envisions multiple hotspots with 
different public programs to be implemented in a 
city, engaging various social groups, and hence 
designing a city that belongs to everybody. 
 
5. HIGHLAND CITIES IN HOT ARID REGIONS – 
GENERAL ADVANTAGES  

The following table draws from the various 
possibilities presented in the above student theses 
and presents a comparison between the existing 
cities in the lowlands and coastal areas of Muscat vs. 
the possible settlements in the highlands of the 
region. 

  
 
Table 1: Comparison of existing conditions in the Capital Area of Muscat and the proposed settlements in the Highlands of Sayq 
Plateau 

  Capital Area of Muscat  
(existing urban environment) 

Highlands of Sayq Plateau  
(urban planning proposals) 

Cl
im

at
e 

Re
la

te
d 

Po
in

ts
 

Air temperatures 
and humidity 

Beyond human comfort zone during large 
part of the year Within human comfort zone most of the year 

Energy demand of 
buildings Very high (for cooling) Low (for cooling and heating) 

Urban 
microclimate of 
exterior space 

Too hot during the six summer months Comfortable most of the year due to higher 
altitudes and increased rainfall 

Air quality / dust Heavy use of motor vehicles leading to air 
pollution, exhaust and fumes 

Availability of lush green to combat any air 
pollution created due to motor vehicles 

Annual 
precipitation 

Very low (approx. 100 mm annually), arid 
climate low (approx. 316 mm annually) 

Local agricultural 
production 
potential 

Limited potential due to high temperatures 
and lack of arable lands 

Large expanses of plantations along with culture 
and site-specific agricultural fields. Potential to 
utilize local cultivars irrigated by the already 
refined falaj systems to further expand 
agricultural production 

Ur
ba

n 
Pl

an
ni

ng
 R

el
at

ed
 P

oi
nt

s 

Arrangement of 
buildings / 
compactness 

Inefficient detached villas, large amount of 
unused urban spaces  

Compact mixed-use neighborhoods with wide 
range of dense housing opportunities for 
various households such as courtyard houses, 
apartments, row houses, etc.. 

Walkability Lack of pedestrian oriented infrastructure and 
lack of proximity based planning 

Inclusion of pedestrian walkways along with 
shading for pedestrians where required. 
Connection of pedestrian walkways to 
commercial, public or mixed-use functions to 
motivate walkability 

Mixed-use 

Large areas of mono-functional 
neighborhoods, still with a clear trend 
towards suburban neighborhoods. Limited 
number of mixed-use neighborhoods that are 
not well-planned 

Mixed-use building models with public services 
and educational facilities within close proximity 
to residences, encouraging a healthy mix of 
residents that are inclusive of all social spheres.  

Street layout 
Large unused spaces between building plots 
and streets resultant from no direction 
relation between buildings and the streets. 

Potential to implement an integrated street 
layout closely related to the arrangement of 
buildings and principles of compact settlements 

 

 

Mobility 
Management 

Predominantly unilateral mobility consisting 
of individual traffic on the streets, leading to 
generating high amounts of emissions in the 
air. 

Reduced dependency on private motorized 
vehicles and longer distances with a special 
emphasis on soft mobility facilitated by better 
climatic conditions. Provision of public 
transportation systems, leading to a more 
feasible consumption of energy 

Landscaping 

Ornamental landscaping primarily along main 
streets. Landscaping requires constant 
maintenance due to higher temperatures and 
the use of water-intensive species of 
vegetation 

Climate specific green corridors could be 
implemented for pleasant microclimate. Local 
plants would further provide a natural habitat 
for birds and other animals while filtering CO2 
and absorbing dust 

Use of materials 

Primarily reinforced concrete skeleton 
constructions and hollow concrete blocks clad 
with plaster or imported finishes including 
marble, tiles, etc. Urban surfaces consist of 
hard, sealed surfaces that contribute to urban 
heat islands 

Potential for use of local materials such as local 
stone pavements for pedestrian walkways and 
road surfaces. Unsealed surfaces would allow 
for more natural rainwater drainage. Use of 
readily available local natural stone, palm wood 
and palm fronds for building and urban 
furniture construction 

6. CONCLUSION – TOWARDS MORE CLIMATE 
ADAPTED CITIES  

The above case studies are presented as research 
by design base work for deriving argumentations and 
corresponding strategies to settle in high altitudes 
which are climatically more favorable than the hot 
and arid lowlands. As demonstrated by the case 
studies, the advantages can be threefold: 
ecologically, economically and socially. Ecologically 
due to the favorable climate as well as due to the 
climate adapted and energy saving planning 
strategies, e. g. by the denser building structures 
providing mutual shading and less solar exposure. 
Economically due to the increased energy efficiency, 
meaning less reliance on airconditioned cooling and 
less infrastructure to build. Socially, on one hand due 
to climatic factors such as the more pleasant 
microclimate and better thermal comfort at the 
interior spaces and also urban exterior areas, and on 
the other hand due to urban design factors such as 
shorter, more walkable distances for the inhabitants 
to reach all everyday functions.  

While there is a need for further detailed studies, 
for example with quantification of densities, climate 
data and feasibility, it would be essential to begin 
such a debate towards sustainable planning. A new, 
informed community with detailed understanding of 
the specifics of the Omani culture, cultivars and 
climate would strengthen the existing network of 
settlements, setting a benchmark of energy efficient 
living for many other mountain settlements in the 
region as well as in other countries with comparable 
conditions. 
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ABSTRACT: In the face of climate emergency, learning from the environmental performance of bioclimatic precedents 
generates a technical knowledge useful to inform the future of buildings, following a growing market interest for 
better environmentally responsive initiatives in Latin America. In order to fill the lack of technical knowledge on the 
performance of existing examples from the Brazilian Bioclimatic Modernism, the research project that supports the 
content of this article brings real-life data as well as analytical results about the environmental performance of the 
office building originally design for the Sul American bank (1966), on Paulista Avenue, in São Paulo (latitude 24oS) to 
be fully naturally ventilated and daylit. Outcomes from the analytical work showed that thermal comfort is possible 
for at least 60% of the time during the summer period, whilst good daylight was an asset before the obstruction 
caused by later tall neighbouring buildings that compromised it. Nevertheless, occupants’ expectation regarding 
thermal and acoustic comfort led to the closure of the building to outdoors. This work is part of a wider research 
project about the environmental performance of buildings from the Brazilian Bioclimatic Modernism (1930-1964), 
from which other case-studies were presented in previous PLEA Conferences. 
KEYWORDS: Office Building, Bioclimatic Design, Subtropical Climate, Environmental Conditions. 
 

1. INTRODUCTION  
Looking back to the glorious years of Brazilian 

modernism between 1930 and 1964, the country’s 
architectural heritage was based on the understanding 
of key environmental principles, paying heed to solar 
orientation and the need for solar protection as well as 
to the benefits of daylight and natural ventilation [1]. 
Nevertheless, very little is known about the 
environmental performance of those buildings until 
now. In the 1970s, with the vast dissemination of the 
international style for commercial architecture in Latin 
American cities, the environmental qualities of the local 
bioclimatic office buildings were discarded to give place 
to the “glass tower” and the fully air-conditioned space. 
As a result of this change in the architectural culture, 
coupled with the boom of the commercial building 
sector, four decades later, space cooling in Brazilian 
office buildings accounted for approximately 47% of the 
total country’s electricity consumption, followed by 
artificial lighting with 22% [2]. 

 In the face of the climate emergency, learning from 
the environmental performance of bioclimatic 
precedents generates a practical technical knowledge, 
useful to inform the retrofit of existing buildings in 
general as well as the design of new ones, following a 

growing market interest for better environmentally 
responsive buildings in Latin America and the 
“rediscovery” of the possibilities for daylit and naturally 
ventilated office buildings in warm climates. 

In order to fill the lack of technical knowledge on 
the performance of existing examples from the 
Brazilian Bioclimatic Modernism, the research project 
that supports the content of this article brings real-life 
data as well as analytical results about the 
environmental performance of the office building 
originally designed to be the HQ of the Sul American 
bank (Banco Sul Americano), concluded in 1966, located 
on the Paulista Avenue, in São Paulo (latitude 24oS), a 
major commercial and financial centre of the city 
(Fig.1). As other buildings from this time, this iconic 
piece of architecture was designed be naturally 
ventilated and daylit [1]. In this context, one of the 
main objectives of this environmental assessment was 
the impact of the emblematic movable external 
metallic shading devices on blocking solar gains and 
their effects on daylight. In parallel to that, there was 
the investigation about the viability of natural 
ventilation given the local urban acoustic conditions. 

This work is part of a wider research project about 
the environmental performance of buildings from the 
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Brazilian Bioclimatic Modernism built in São Paulo, 
encompassing thermal, daylight and acoustic issues, 
from which other case-studies were presented in 
previous PLEA Conferences [3 - 5].  

2. BRIEF DESCRIPTION OF RESEARCH METHODS 
An evidence-based approach to the actual 

environmental performance of existing buildings from 
the Brazilian Bioclimatic Modernism was supported by a 
series of in-depth technical studies that encompassed a 
few specific measurements in situ, simplified 
calculations and informal interviews with the occupants 
regarding the acoustic environment, followed by a set 
of analytical work of advanced computer simulations to 
verify daylight and thermal conditions. For the 
assessment of the acoustic conditions, three single 
aspect rooms of different sizes were selected for the 
fieldwork, on the 20th floor (to where access was given 
to these studies). For the thermal and daylight 
analytical assessments, the 2nd and 14th floors were 
selected as representative of extreme exposures.  

For the acoustics, sound pressure level, percentile 
levels, the equivalent modulation and the reverberation 
times were evaluated, following national standard’s 
methodological procedures [6, 7] and the results were 
compared with established criteria [7, 8]. 

Thermodynamic and daylight simulations were 
carried out with the Ladybug Tools: environmental plug-
ins for the Grasshopper digital modelling software.  

The outcomes of the thermal assessment included 
cooling loads in the case of using air-conditioner, 
comfort hours during the summer period for the 
scenario of natural ventilation and weekly temperature 
profile for a typical warm week. The adaptive comfort 
model and the comfort zone by ASHRAE-55 [9] were 
adopted as the thermal performance criteria.  

The daylight simulations followed the Climatic 
Based Computer Modelling Method (CBCM) [10], in 
which the range of Useful Daylight Illuminance levels 
(UDI) between 300 and 3.000 lux at the desk-height was 
adopted as the main performance criteria [11]. Daylight 
factors and illuminance levels were also verified. The 
analyses presented here look at cellular and open plan 
offices located at lower and higher floors. As briefly 
mentioned before, this technical environmental 
assessment aims to critically examine the effects of key 
architectural features of the case-study building, 
including its form and orientation as well as apertures 
and façade treatment, alongside the impact of the 
surroundings, upon the acoustic, thermal and 
daylighting conditions in internal spaces.  

3. CLIMATIC CONTEXT 
The city of São Paulo (Latitude 23.85o S; Longitude 

46.64 o W; Elevation 792 m) is in a region of humid 

subtropical climate (Cfa) [12], characterized by warm-
humid summer days with predominantly partially 
cloudy sky, and mild and drier winter days with 
predominantly sunny sky. Predominant wind directions 
are Southeast and South during the summer and 
Northwest during the winter. Air temperatures are 
moderate for most of the year with an annual average 
of approximately 19 oC [13]. January is the hottest 
month, with an average minimum temperature of 19 oC 
and average maximum reaching 27 oC, whilst humidity 
levels vary between 31% to 100%. July is the coolest 
month, with average minimum of 17 oC and average 
maximum of 23 oC, whilst relative humidity varies 
between 26% to 100%.  

Due to the subtropical conditions, the annual 
frequency of overcast sky is of approximately 60%. 
Diffuse radiation in São Paulo accounts for 
approximately 50% of total annual global radiation on 
the horizontal plan, therefore, having a significant 
impact on buildings’ solar gains. To illustrate that, 
maximum global radiation on the horizontal plan in 
January (the hottest month of the year), for example, is 
1.068 W/m2, being 578 W/m2 diffuse radiation.   

From the climate diagnostic, it is possible to 
conclude that, in warm days, shading is fundamental for 
the thermal comfort in buildings as well as natural 
ventilation, which can also be beneficial during night-
time, given the daily temperature variations, especially 
in the warmer period of the year. In cooler days, 
previous analytical work demonstrated that internal 
gains are sufficient to raise internal temperatures to 
comfort levels in office buildings in São Paulo. In other 
words, solar gains might be undesirable in office 
buildings, in this climate [14].  

4. THE CASE-STUDY BUILDING 
The iconic office building originally designed for the 

Sul American Bank by one of the key architectural 
practices of the Brazilian Modernist Architecture, Rino 
Levi Arquitetos Associados, was built in 1966, between 
Paulista Avenue and Frei Caneca Street, in São Paulo 
city (today occupied by Duratex S.A.) (Fig.1).  

   
Figure 1: Banco Sul Americano (1966), Paulista Av. São Paulo. 

 

 

The 15-storey slab-shape building, 15 meters deep 
by 45 meters long plan, sits on top of a horizontal base 
building, perpendicular to the busy avenue, which has 
been one of the main financial and commercial axes of 
the city since 1970s. As seen in other examples of the 
Brazilian Bioclimatic Modernism [3 - 5], the base 
building is projected over the public pavement, creating 
a cover from the rain and the sun typical of the local 
climate. The main façades, Northwest and Southeast 
oriented, are fully glazed with operable windows and 
external shading devices placed 1 meter from the 
façade, facilitating the opening of windows towards the 
outside, whereas the shorter façades are blind, 
including the one facing the Paulista Avenue (reducing 
exposure to urban noise). In addition to the articulation 
of the pure architectural forms, other remarkable 
architectural features from the international modernist 
movement identified in this building are the modularity 
of the concrete structure, the façade components and 
the terrace garden area on the base building (never 
landscaped as designed for, though). Being one of the 
main iconic modernist buildings in São Paulo, the 
original HQ of the Sul American Bank was listed in 2010. 

The continuous lines of metallic external horizontal 
shading devices, 0.45 m wide and 1.5 metres long, are 
movable on the Northwest façade and fix on the 
Southeast. On the Northwest the shading devices are 
closer to each other, with 25 cm between each other, 
due to the longer exposure to solar radiation in critical 
times of the year, especially in the summer afternoons, 
whilst in the Southeast, the space between devices is 
50 cm, in principle, opening more the views towards 
the outside (Fig.2).  

 
Figure 2: Schematic section showing the design of the 
different shading strategies according to the orientation.  

The building's orientation offers a degree of 
protection against urban noise, whereas the narrow 
plan (15 meters wide) coupled with the shaded façades 
and operable windows were envisioned to maximize 
the potential for daylight and natural ventilation. The 

floor plan was planned to accommodate cellular and 
open plan offices (where cross ventilation should be 
possible, in theory). Despite the opening windows for 
natural ventilation, since 1990s several office spaces in 
the building have been operating with air-conditioning 
systems. Most recently, a full central air-conditioning 
system has been installed, to respond to occupants’ 
current expectations of thermal and acoustic comfort 
as well as to increase the building’s market value. 

5. ENVIRONMENTAL PERFORMANCE 
5.1. Acoustic conditions 

The acoustic measurements in the office spaces 
were taken in the morning and afternoon of two 
sequential days (January 22nd and 23rd, 2020) with all 
windows closed (as recommended by the standards) 
(Fig. 3). In addition, outside measurements at 1 meter 
from the façade were also registered, by opening the 
windows. The later was done with the objective of 
register what would be the likely trend of the acoustic 
conditions inside, in the case of windows open.   

   
Figure 3: Top - Floor plan with the indication of the case-study 
rooms and position of the points of measurement; Bottom – 
Views of 2 of the 3 rooms where measurements were taken. 

The sound pressure levels measured in the three 
rooms show similar average values for the morning and 
afternoon periods, at around 55 dB (Fig.4). The external 
measurements showed much higher values during the 
entire period, at around 68 dB, which is a consequence 
of the urban activities (in particular the cars) at Paulista 
Avenue and Frei Caneca Street. The results of the 
external measurements call the attention to the need 
of acoustic insulation to protect the internal spaces 
from excessive urban noise. Nevertheless, even with 
the windows closed, the noise pressure levels and 
reverberation time found in all rooms were above the 
recommended ones [7, 8], pointing out to the need of 
reviewing the acoustic treatment of the internal spaces, 
regardless the impact of urban noise. 



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

580 581

 

 

  Nine-hours continuous measurements were carried 
out, from 9 am to 6 pm, in one point in room 1, 
occupied and with the air-conditioning system on, from 
which equivalent sound pressure levels were obtained 
as function of frequency for 1/1 octave and 1/3 octave 
bands, respectively (Fig.5). The result for the A-
weighted equivalent continuous sound pressure level 
for the measurement period was 53,1 dB. From the 
results, it is possible to identify main noise contribution 
in low frequencies (from 63 to 200 Hz) typical from the 
air-conditioning system. The acoustic conditions in 
room 3 were verified at different times, with and 
without the occupation, but with the air-condition on. 
In all cases, established criteria were not achieved.  
 

 
Figure 4: A-weighted equivalent continuous sound pressure 
level averaged in room 1 during the day. 

 
Figure 5: Top - Sound pressure level in 1/1 octave bands; 
Bottom - Sound pressure level in 1/3 octave bands. 

5.2. Thermal response 
To verify the building’s thermal performance in its 

urban context, the thermodynamic modelling included 
the existing surrounding buildings, looking at the results 
for cellular offices in both oppositive orientations and 
for the open plan configuration, at the lower and higher 
floors. For the cooling loads, shown in Table 1, the 

setpoint of 24 oC was assumed, following the common 
practice in most office buildings in São Paulo [4, 5]. The 
introduction of night-time ventilation showed the 
potential to reduce cooling loads between 13 and 20%, 
being the best-case scenarios were the SE cellular office 
and open offices on the 14th floor, followed by the 
cellular office in the 2nd floor facing SE.   

The results for the assessment of the efficiency of 
natural ventilation in terms of hours in comfort during 
the summer period are shown in Table 2. In all cases, 
the frequency of hours in comfort surpasses 60%. In 
addition, a significant difference was observed between 
the ventilation schedules. In the SE office, on the 2nd 
floor - the best-case scenario - a figure of 84% for the 
24-hour mode was found versus 74% when opening 
during occupational hours only (from 8 am to 8 pm). In 
general, the cellular offices performed better than the 
open plan offices, being the later on the 14th floor - one 
of the worst-case scenarios with 63% of hours in 
comfort. Despite the effect of cross ventilation in the 
second case, these results are likely to be related to the 
higher concentration of internal gains (10m2 p/person 
in the cellular and 7 m2 p/person in the open plan - as in 
real-life), and the bigger area to be ventilated in the 
second case, as the central corridor is not included in 
the scenario of cellular offices, coupled with the slightly 
bigger exposure to solar radiation (despite the shading 
devices). Comparing the two cellular offices, the SE 
ones have a better performance than the NW, with 74% 
of comfort hours versus 66% in the best case, being the 
conditions on the 2nd floor better than on the 14th. 
These differences can be explained by the less solar 
radiation onto the lower floor, coupled with the 
exposure to prevailing winds.  

Table 1: Cooling loads at several office scenarios, including 
the reduction associated with night-time ventilation.  

Offices Cooling loads kW/m2 
2F  14F 

NW  AC 74.10 75.22 
AC + NT Vent 62.90 65.05 
Load reduction 15 14 

SE  AC 63.15 68.57 
AC + NT Vent 52.23 54.77 
Load reduction 17 20 

Open p. 
  

AC 86.88 90.09 
AC + NT Vent 75.42 72.47 
Load reduction 13 20 

 
 

Table 2: Percentage of hours in comfort during the summer. 
in the offices, for 2 natural ventilation schedules: 24-hours 
and occupation only (from 8 am to 8 pm). 

Offices 2F %  14F % 
NW  24 hr Nat Vent 73 71 

8 to 8 Nat Vent 66 62 
SE  24 hr Nat Vent 84 76 

8 to 8 Nat Vent 74 69 
Open p. 
  

24 hr Nat Vent 69 73 
8 to 8 Nat Vent 64 63 

 
 

 

 

The trend of Operative Temperatures in the cellular 
and open plan offices, on the 2nd and 14th floors, during 
three days of a typical summer week shows the 
maximum efficiency of natural ventilation, resulting in 
internal below the outside for most of the time. 
temperatures in the SE offices, on both floors and 
facing prevailing winds, where internal temperatures 
are very close for most of the time, with peak daily 
temperatures oscillating between 25 oC and 28 oC, in 
this period (Fig. 6). In the NW offices, the ventilation is 
slightly less efficient, reaching 29 oC when outside is 
27.5 oC. In the open plan office, temperatures are 
higher, but still below the outside, with the exception 
of the overcast day, when all internal figures are higher 
than the outside, due to the impact of diffuse radiation,  
and internal peak is up to 5oC more in the outside. 

 
Figure 6: Profile of Operative Temperatures in the cellular and 
open offices, on the 2nd and 14th floors, with NV during 
occupation, for a 3-day period, in a typical summer week.   

5.3. Daylight 
For the daylight assessment, the simulated 

scenarios considered no tall surroundings (as at the 
time of the building’s completion and to what the 
building was designed for) and the current scenario, 
with the obstruction of the existing buildings of the 
surroundings (Fig. 7 and Fig. 8). Results are shown here 
only for the open plan configuration, as the cellular 
office scenario blocks the daylight penetration in the 
central part of the plan. Figure 8 shows a significant 
increase of the overshadowing created by surroundings 
along the height of the case-study building, with an 
increase of 2 to 3 hours, in average, between the 3rd 
and the 13th floor in the solstices and equinoxes.  

The simulation model considered the external 
shading devices fully open to maximize daylight access, 
meaning, at 90o to the façade. On the 2nd floor, the 
results for the scenario without the existing 
surroundings revealed that the entire plan could be 
occupied without the need of artificial light for at least 
70% of the annual daylight hours (where lux levels 
between 300 and 3.000 were found), including the 
central zone, at 7.5 meters away from the façades. 

Between 1.5 and 3 meters from the façade (where the 
first row of workstations and cellular offices are 
located), UDI levels go up to 90% (Fig. 8). However, the 
obstruction created by the current urban surroundings, 
combined with the effect of the horizontal shading, 
reduced the UDI levels significantly across the plan. On 
the NW façade, whilst reasonably high UDI levels 
remain near the front (between 90 and 60%), values 
dropped from 60 to below 10% at the depth between 3 
and 4.5 meters.  

  
Figure 7: Left - digital model for the daylight simulations with 
the case-study building and its existing surroundings; Right - 

the shading masks at 2nd and 14th floors created by the 
surroundings. 

 

 

 
Figure 8: Top and middle - UDI and DF simulations for the 2nd 
floor (NW-SE section) without the surroundings (best-case 
scenario), and with the surrounding buildings. Bottom – UDI 
and DF simulations for the 14th floor, with the surroundings.   

On the SE orientation, the performance is worse, 
starting with UDI levels around 40% close to the façade 
and cascading to below 10% at 2 meters deep. On the 
14th floor, the impact of the surroundings is slightly less, 
but still relevant, as daylight availability decreases from 
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90 to 50% within the first 4.5 meters depth at the NW 
façade. On the SE, UDI levels reach 50% at 2 metres, 
decreasing to below 10%, though, at 3 meters depth. 

The correspondent Daylight Factors (DF) vary 
between 7 to 2% in most of the area in the best-case 
scenario of no external obstruction, showing an 
excellent daylight performance (assuming 2% as the 
minimum recommended [12]). DFs go down to below 
2% already at 1.5 meters into the plan because of the 
impact of the obstruction on the 2nd floor, and at 3 
meters on the 14th at the NE side and at 1 meter at SE. 
In general, lux levels are higher than 3.000 only at the 
first 1 meter on NW side, without the obstruction. 
Showing the efficiency of the shading devices in 
avoiding glare related to excessive lighting levels.  

6. FINAL CONSIDERATIONS  
The possibility of thermal comfort in the summer 

period for more than 60% of the occupied hours via 
passive means, in the current climate scenario of the 
city of São Paulo, shown by the analytical studies, raises 
questions about the need of air-conditioning from the 
perspective of the local thermal conditions, proving the 
success of the architectural bioclimatic strategies 
applied in the design of the Sul American Bank. In 
addition, the daylight assessment also showed how the 
external shading was efficient in controlling the daylight 
conditions in the original context, without the tall 
surrounding buildings. On the other hand, whilst until 
very recently some rooms could still operate using 
natural ventilation, despite the placement of localized 
air-conditioning devices, it is known that, to respond to 
occupants’ expectations regarding thermal and acoustic 
comfort conditions, the building went through a major 
retrofit of its façades and cooling system, in the past 
years, which led to the introduction of a central air-
conditioning system and permanent closure of all 
windows. The current scenario of urban noise and air 
pollution on site, partially captured in the acoustic 
measurements presented here, explains the closure of 
the building to the outside. However, it should be noted 
that even with the windows closed the internal acoustic 
conditions were an issue, to a certain extent, pointing 
out to the need of a deeper approach regarding the 
design strategies for acoustic comfort.  

The impact of the urban growth was also verified in 
the daylight performance of the case-study building, 
where the obstruction created by neighbouring tall 
buildings, combined with the effect the external 
shading devices, proved to have a significant negative 
impact upon the daylighting conditions, reducing the 
depth of adequate levels to less than 1.5 meters.  

Despite the challenges of the urban climate 
associated with noise and air pollution, the 

understanding of the opportunities for natural 
ventilation in office buildings acquired an extra level of 
importance in the context of the Covid-19 pandemic, 
especially considering the energy impact of improving 
fresh-air conditions by means of mechanical systems. 
For this reason, although the case-study presented here 
showed a successful environmental design, in principle, 
the establishment of sound urban planning with 
alternatives to mitigate urban noise and its impact at 
buildings, alongside with their thermal response in the 
scenario of climate change, is paramount to the future 
of buildings and cities.  
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ABSTRACT: When it comes to his buildings, Marcos de Azevedo Acayaba himself states that the concern with 
construction, production processes, and maintenance is decisive to the definition of the architectural key design 
features, along with the specific geography of the building site, following the principles of Bioclimatism. In that sense, 
this paper explores the thermal response and evaluates the performance of solutions and design strategies applied 
by the architect in three case studies in the city of São Paulo: Marlene Milan House (1972), Hélio Olga House (1987) 
and Vila Butantã Residential Complex (1998). The thermal quality of these houses has already been revealed at the 
35th PLEA Conference by a work focused on results from field survey of environmental thermal variables. Here, the 
method is based on analytical studies carried out with the use of Ladybug Tools plug-ins. The adaptive comfort model 
for occupant-controlled naturally conditioned spaces established by ASHRAE-55 was adopted as the criteria to assess 
the results. The thermal quality of the three case-studies in the warmer period is unquestionable, with low 
percentages of hot-discomfort, while the cold period was left with room for improvement. This result is directly 
related to the design strategies applied in the three residences. 
KEYWORDS: Marcos Acayaba, Thermal response, Analytical studies, Design strategies 
 
 

1. INTRODUCTION 
Marcos de Azevedo Acayaba graduated in 1969 

from the Faculty of Architecture and Urbanism of the 
University of São Paulo. His architectural education was 
influenced by the need to contribute to technological 
development, coupled with the idea of integration 
between building, site, and climate. When it comes to 
his buildings, the architect himself states that the 
concern with construction, production processes, and 
maintenance is decisive to the definition of the 
architectural key design features, along with the 
specific geography of the building site [1], following the 
principles of Bioclimatism [2].  

Thus, free from any style type, the building form in 
Acayaba’s architecture results from rigorous analysis of 
specific local conditions, looking for the highest 
efficiency of the building techniques, environmental 
comfort, quality of space, and, as a consequence, 
architectural beauty, where, in the words of the 
architect, “nothing is left and nothing is missing” [1].  

The work presented in this paper continues the 
technical investigation of the environmental quality of 
three single-family homes designed by Acayaba in the city 
of São Paulo, focusing on the buildings’ thermal response 

– never previously quantitatively assessed –, from which 
the first phase of fieldwork was published at the 35th PLEA 
Conference [3], showing that, despite of the differences in 
the overall thermal response between the houses, the 
thermal quality in all cases is satisfactory in the summer, 
with a few hours when the internal temperature reaches 
or exceeds the external one. On the other hand, whilst 
focus was put in dealing with the summer conditions, the 
winter performance indicates room for improvement. The 
quality achieved in his architecture is related to the 
appropriate combination of multiple design strategies, on 
a case-by-case basis, moving away from the idea of the 
optimum or pre-determined solutions for the adequate 
environmental performance. 

This paper discusses the results about the thermal 
response of scenarios that explore the potential of 
passive design strategies applied by the architect, which 
were studied by means of thermodynamic computer 
simulations. Those scenarios derived from observations 
and questions raised in the empirical studies.  

 
2. CASE STUDIES 

Three case-studies were selected considering 
different materials and construction techniques applied 
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in their architectural design, denoting a vast 
technological and constructive knowledge of the 
architect, which works the plasticity expression of his 
buildings based on the constructive techniques that 
best suit site demands, reinforcing the role of 
bioclimatic principles. The three houses are: 

(I) Marlene Milan House (1972), in which Acayaba 
proposed a cast-in-place concrete arch, under which the 
uses were allocated and organized on three semi-levels 
integrated by the social areas (Fig. 1). This spatial 
integration, associated with the variable heights of the 
multiple areas, creates one single volume that 
facilitates convective air movements, as well as cross 
ventilation. The fluidity between internal and external 
areas is guaranteed by the high glazed panels (λ = 
0.8 W/m°C), shadowed by the over-arching concrete 
roof (λ = 1.75 W/m°C). Adjustable lower openings in the 
glass panels were introduced, favouring the stack effect 
through higher openings. Perforated concrete blocks 
(λ = 0.91 W/m°C) with single glass coverage were also 
used in some external walls at lower levels, in order to 
maximize daylight and natural ventilation, and internal 
surfaces and partitions were made in Cedro wood (λ = 
0.12 W/m°C). After residents reported high indoor 
temperatures during the first occupied summer, a layer 
of thermal insulation made of polyurethane was added 
to the external surface of the roof, which was painted 
in white to increase reflectivity of global radiation. The 
high vegetation density of the landscape design helped 
to lower temperatures, providing shading to the glass 
panels and to the roof. For the cold period, the most 
notable strategy is the provision of a fireplace, in a 
prominent spot in the living-room. 
 
Figure 1:  
Marlene Milan House, 1972. Photo: Jomar Bragança. 

  
 

(II) Hélio Olga House (1987) is the result of the 
challenge to design on a steep site, in which Acayaba 
envisioned an independent structure, in Angelim wood 
(λ = 0.23 W/m°C), supported by only six points, 
preserving the site natural geographic characteristics 
(Fig. 2). A 3.30-meter modular cubic system was 
adopted, creating a residence of four floors whose main 

facade faces Northeast. For the subtropical climate of 
São Paulo, this is one of the best orientations for a long 
permanence place, maximizing solar access during winter 
and minimizing in the summer months. Light-weight 
building components were specified for walls and roof, in 
order to minimize the total structure weight, resulting in 
a light thermal mass building, highly coupled with 
outdoor temperature fluctuations. Maximum ventilation 
is the main strategy to control the rise of internal 
temperatures, playing a central role in the thermal 
performance of this residence. As mentioned, the 
wooden structure is exposed on all sides, including the 
floor area, where adjustable trickle vents were inserted 
as part of the inlets to increment air flows. To assist in 
the comfort conditions, internal translucent blinds were 
added by the occupants to block solar radiation through 
the windows in summer. In addition to that, the 
extended roof works as a shading device for the access 
floor and the trees’ canopies have the same effect on the 
lowest floors (bedrooms). A fireplace in Hélio Olga House 
also occupies a central area in the social floor. 

 
Figure 2:  
Hélio Olga House, 1987. Photo: Nelson Kon. 

      
 
(III) Vila Butantã Residential Complex (1998), that 

consists of a set of sixteen semi-detached single-family 
units designed in order to favor the communal leisure 
and adapt to the terrain slope (Fig. 3). The construction 
system is a structural masonry with pigmented concrete 
blocks (λ = 0.91 W/m°C), reinforced concrete slabs and 
wooden beams. This residential complex was designed 
with a considerable amount of opaque and heavy mass 
building components, ensuring considerable thermal 
inertia to its interior. Aside from the brise-soleils 
designed to block the solar radiation, in this specific 
case, the site planning arrangement of misaligned semi-
detached residences facing East and West, resulted in 
shading benefits during the summer period. Following 
the same strategy as the other cases, the shading is 
associated with ventilation to achieve comfortable 
temperatures in the warm period. One more time, a 
fireplace for the social floor as a strategy for the cooler 
periods of the year was provided. 

 

Figure 3:  
Vila Butantã Complex, 1998. Photo: Gal Oppido. 

  
 
3. METHOD AND ANALYSIS  

In addition to the fieldwork presented by Lima et al 
[3], thermal dynamic computer simulations were 
performed to evaluate specific strategies and scenarios 
considering the climate of São Paulo (Latitude 23.85° S; 
Longitude 46.64° W; Altitude 792 meters above sea 
level), classified by the Köppen-Geiger Classification as 
humid subtropical with oceanic influence (Cfa) and 
characterized by warm-humid summer days with 
predominantly partially cloudy sky, cool and drier 
winter days with predominantly sunny sky, with 
prevailing wind directions being South, South-Southeast 
and Southeast during the year. Air temperatures are 
moderate for most of the year with an annual average 
temperature of 19.3 °C [4]. In typical warm days with 
clear sky, temperatures can reach figures above 30 °C in 
the beginning of the afternoon. On the other hand, 
under a cloudy sky, air temperatures in a warm day stay 
around 20 °C. In typical cooler days, air temperatures 
can go as high as 24 °C due to the solar radiation 
impact, whereas in a cooler cloudy day, air 
temperatures struggle to get above 15 °C.  

The analytical work was carried out with the use of 
Ladybug Tools: environmental plug-ins for Grasshopper 
that connects to the EnergyPlus and OpenStudio engines 
to simulate. The different spaces of the buildings were 
digitally modeled in Rhino 3D software as individual 
thermal zone. In this paper, only the data obtained for 
living-room are presented. The adaptive comfort model 
and the comfort zone of 80% acceptability range for 
occupant-controlled naturally conditioned spaces 
established by ASHRAE55 [5] were adopted as the 
performance criteria. 

A base case scenario (BC) was defined taking into 
account the residence occupied by a family of four. From 
that, occupancy, equipment, and lighting schedules were 
developed, as well as for opening windows and for 
shading devices, when available. In addition to the 
ventilation schedule, minimum and maximum outdoor 
temperatures setpoints were also defined between 
which the opening of windows is likely to occur. 
Alternative scenarios, specific to each house, were 

created based on the outcomes from the fieldwork 
which are better explained in the sequence. 
 
4. ANALYTICAL STUDIES: RESULTS AND DISCUSSION  
4.1. Marlene Milan House, 1972 

The strategies applied in this house were mainly 
related to the roof, including shading, reflectivity provided 
by the white external surface, and thermal insulation. For 
that reason, the first scenario evaluated considers the BC 
without the shading provided by the surrounding 
vegetation (Scenario 1) and, in an accumulative way, the 
second scenario eliminates the thermal insulation of the 
roof (Scenario 2). The results can be seen in Fig. 4.  

The BC Scenario indicates an annual comfort 
percentage of 53.41%, while the rest of the year presents 
only cold-discomfort. When evaluating the percentages 
per season, the comfort percentage in the summer is 
close to 80% and, in the winter, it reaches only 33.51%. 

On the hottest days of the typical summer week, 
when outside temperatures can go as high as 32 °C, 
operative temperatures remain in the range between 24 
and 26 °C (Days 4 and 5). On the other hand, on cold days, 
whose dawn temperatures go up to 12 °C (Day 3 of the 
typical winter week), operative temperatures get close to 
16 °C, when the external air temperature peaks of the day 
before exceeds 25°C. 

Analysing the typical summer week, it is noticeable 
that most of the temperatures are within the comfort 
zone. The exception is in the coldest dawn, when outdoor 
temperatures remain below 20 °C. The roof insulation 
associated with the shading caused by the vegetation 
may guarantee a good response to the high summer 
temperatures that commonly exceed 30 °C. However, its 
performance suffers a decrease in cold situations, such as 
in the early hours of summer days. This is corroborated by 
analysing the typical winter week, in which operative 
temperatures are within the comfort range only during 
some afternoons when external air temperatures already 
exceed the 20 °C in the early mornings. 

 When the vegetation is omitted, the comfort 
percentage rises to 59.22%, decreasing the cold-
discomfort percentage. Nevertheless, no hot-discomfort 
is noticed. Seasonally, the comfort percentage is 85.69% 
in summer and 39.63% in winter, which corresponds to 
an increase of approximately 525 hours in comfort. 

The radiation incident with the omission of the 
shading caused by the surrounding vegetation, associated 
with the roof insulation, is responsible for raising internal 
temperatures by up to 1.2 °C during daily periods and by 
up to 0.5 °C during dawns, causing some of these 
temperatures to get close or to reach the comfort zone. 

The comfort percentage of Scenario 2 is 55.70% for 
the annual period, 74.77% for the summer, and 45.47% 
for the winter. Although the values are better compared 
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to the BC Scenario, it is necessary to point out that, 
without the thermal insulation, it is already possible to 
notice events of discomfort due to high temperatures 
during the year, including in the winter. Annually, the 
cold-discomfort is 41.00%, and the hot-discomfort is 
3.30%. Hot-discomfort reaches 4.44% during the summer, 
and 0.68% during the winter. 
 
Figure 4:  
Simulated thermal response of Marlene Milan House, showing 
operative temperatures for the living-room compared against 
external temperatures and global horizontal irradiance for 
typical weeks of summer and winter, followed by the comfort 
percentage per year and per season.  

 
 
Scenario 2 presents a great difference when 

compared to the others. The temperatures peaks during 
the summer reach 30 °C on the hottest days, exceeding 

the comfort range. During the dawns of cold days, 
operative temperatures get around 14 °C, about 1 °C 
lower compared to the BC Scenario. Still in relation to the 
typical winter week, days with milder temperatures, in 
which the temperatures values exceed 28 °C, produce 
internal peaks above 27 °C, which already exceeds the 
comfort range of the cold period. 

 
4.2. Hélio Olga House, 1987 

The strategies applied to this project were mainly 
related to natural ventilation and lightweight 
components, as well as solar access. In this case, different 
degrees of window aperture were evaluated, but, for this 
paper, only 100% (Scenario 1) and 5% (Scenario 2) of 
aperture were presented, since window apertures above 
25% produced similar thermal responses. The results can 
be seen in Fig. 5. 

For the BC Scenario, the windows apertures followed 
a pre-defined schedule and, therefore, the ventilation 
was not permanent. For the other scenarios, the windows 
were kept permanently open. In addition, tests showed 
that, due to the large number of windows and the 
dimensions of the apertures, values of 50% of window 
aperture or more lead to similar results. 

The BC Scenario points out an annual comfort 
percentage of 53.81%, compared to a percentage of hot-
discomfort equals to 4.83%, and cold-discomfort of 
41.46%. Analysing the values during the summer season, 
the comfort percentage rises to 68.24%, the hot-
discomfort reaches 5.14%, and the cold-discomfort 
reaches 26.62%. During winter, the comfort percentage is 
47.55%, the hot-discomfort is 2.58% and the cold-
discomfort is 49.86%. 

Scenario 1, with 100% of window aperture, presents 
an annual comfort percentage equivalent to 42.84%, 
while discomfort due to high temperatures reaches 
4.06%, and 53.09% of discomfort due to lower 
temperatures. When the window aperture is reduced to 
5%, the comfort percentage rises to 45.54%, the hot-
discomfort also rises, reaching 4.50%, and the cold-
discomfort drops to 49.97%. Seasonal comfort and 
discomfort percentages follow similar patterns to annual 
percentages and are detailed in Fig. 5. 

On the hottest day of the typical summer week, the 
operative temperature of the BC Scenario exceeds 30 °C, 
about 1.7 °C lower compared to the external air 
temperature. For the other scenarios, the temperature 
peak reaches 31 °C, getting even closer to the outdoor 
temperature. The operative temperature peaks are even 
closer to the external ones on working days since the 
occupancy is higher and the internal gains are greater. 

The results of the typical winter week for the BC 
Scenario, in which the windows are closed during the night 
and minimally open during the day, indicate that, even 

 

though it is a lightweight structure that heats up along 
with the elevation of the external air temperature, there is 
some internal heat load storage that causes the building to 
have a thermal delay during the cooling process. 

The differences between the operative temperatures 
of Scenarios 1 and 2 are more noticeable during the early 
hours of the day, when there is no incidence of solar 
radiation. Thus, Scenario 1 presents lower temperatures 
as the heat losses are proportional to the size of the 
window aperture. 

 
Figure 5:  
Simulated thermal response of Hélio Olga House, showing 
operative temperatures for the living-room compared against 
external temperatures and global horizontal irradiance for 
typical weeks of summer and winter, followed by the comfort 
percentage per year and per season.  

 

4.3. Vila Butantã Residential Complex, 1998 
In this project, the main design drive was the 

adequacy of the semi-detached houses to the local 
topography, whilst for the building components, the 
material choice favoured thermal inertia, coupled with 
large openings to control ventilation and solar access, 
with movable external shading. As ventilation was 
evaluated in the previous case, two different forms of 
house implantation were studied: a detached house 
(Scenario 1) and a semi-detached house (Scenario 2), 
both with residences aligned. The results can be seen in 
Fig. 6. 

The BC Scenario has an annual comfort percentage of 
67.23%, while the percentages of hot-discomfort and 
cold-discomfort are 4.69% and 28.08%. Seasonally, the 
comfort percentage is 84.35% in the summer and 59.74% 
in the winter. Hot-discomfort reaches 4.77% and 2.45% 
during summer and winter seasons, respectively. Cold-
discomfort during winter is considerably higher 
compared to summer (37,82% and 10,88%, respectively). 

The detached residence (Scenario 1) presented 
greater discomfort for high and low temperatures (5.17% 
and 29.82%, respectively), resulting in a decrease in the 
percentage of comfort (65.01%). The same occurs with 
the pattern of seasonal results: during summer, the 
comfort percentage is 81.94%, the hot-discomfort is 
5.28% and the cold one is 12.78%, while the comfort 
percentage reaches 58.20% during winter, the hot-
discomfort is 2.76% and the cold one is 39.04%. This 
occurs due to the increase in the envelope exposure, 
favouring the indoor environment heating. 

In the case of the aligned semi-detached homes 
(Scenario 2), the percentage of annual comfort rises 
69.74%. Hot-discomfort (4.75%) is slightly higher 
compared to the BC Scenario, however it is lower 
compared to Scenario 1. Yet, the percentage of cold-
discomfort is lower than the other two scenarios, 
registering 25.51%. Regarding the percentages related to 
summer, comfort is higher compared to the other 
scenarios and is equal to 86.71%. The hot-discomfort 
percentage is the same as in BC Scenario, while the cold-
discomfort one is 8.52%. In winter, the percentage of 
comfort rises to 61.37%, cold-discomfort drops to 
36.14% and the hot one is equivalent to 2.49%. Such 
variations are directly related to the increasing of solar 
access due to the two residences alignment. 

The operative temperatures have very similar values 
in the three scenarios during the typical summer week, 
distancing more notably from each other during the early 
hours of the day. On warmer days, the operative 
temperatures can reach values of 28 °C, 4 °C below the 
external air temperature. However, there are few times 
when temperatures are not within the comfort zone, 
roughly occurring during milder dawns. 
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On cold winter days and with the windows minimally 
open, operative temperatures exceed 1.5 °C in relation 
to outdoor temperatures for the BC Scenario. For 
Scenario 1, the difference between the external and 
operative temperatures drops to 1 °C, while it is 
increased by approximately 2 °C in Scenario 2. Even with 
higher temperatures, none of the scenarios reaches the 
comfort zone on the coldest day. 

 
Figure 6:  
Simulated thermal response of Vila Butantã Residential 
Complex, showing operative temperatures for the living-room 
compared against external temperatures and global 
horizontal irradiance for typical weeks of summer and winter, 
followed by the comfort percentage per year and per season.  

 
 

5. FINAL CONSIDERATIONS 
The thermal quality in all of the three case-studies is 

satisfactory in the summer, with annual comfort 
percentages above 50%. Marlene Milan House and the 
Vila Butantã Residential Complex presented comfort 
rates above 80% during summer season. The lightweight 
components in Hélio Olga House, and the consequent 
low thermal inertia, led to lower comfort results in the 
warmer period, reaching 68.24%. Hot-discomfort in this 
specific house was also the highest one, with about 450 
hours above the comfort zone. It is worth mentioning, 
however, that the predominant percentage of 
discomfort was due to low temperatures, during the 
early hours of summer days. Winter periods are more 
critical in the three residences, especially in the Milan 
and Olga Houses. Such scenarios could have better 
results if the fireplaces provided by the architect in the 
living-rooms, that weren’t considered in the use and 
occupation schedules of simulations, were used. The 
presence of such element is not common to Brazilian 
culture, making remarkable the architect's understanding 
of São Paulo climate which, even with high temperatures 
during summer, demands spatial attention for cold 
periods. It is also worth noting that the adaptive comfort 
model is used in situations in which the occupant has a 
clothing insulation between 0.5 and 1.0 clo and the 
smallest increases in clothing could solve some scenarios 
of cold-discomfort. These results show, once more, that 
the correct understanding of the location conditions and 
the appropriate combination of multiple passive design 
strategies, on a case-by-case basis, are enough to 
guarantee the thermal quality in the architecture of 
residential buildings with bioclimatic features, reinforcing 
the results of fieldwork presented in the previous PLEA 
Conference [3]. 
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ABSTRACT: This paper encompasses a comprehensive literature review of existing literature to define key facility 
design elements of K–12 schools that impact student engagement and learning. The research was conducted in 
May–August 2021, summarizing existing peer-reviewed publications and reports that demonstrate the impacts 
of the built environment on students’ performance. Approximately 500 international publications were 
discovered with direct relationships between learning and facilities, with relevance to key research topics, and 
were peer-reviewed. An annotated bibliography is developed with publication type, study type, sample size, 
study duration, and age or development stage. A white paper was developed in three categories: a) indoor 
environmental quality (thermal comfort, indoor air quality, lighting, view, acoustics); b) spatial environment 
(school maintenance and operation, school design, classroom organization); c) People/Community (social 
interaction, relationships, teaching/learning, belonging/safety/security, health and well-being). The white paper 
described the evidence in these three categories, analyzed their relationships, and presented key findings. A set 
of educational info sheets presented these findings in an accessible manner for the general public. The 
annotated bibliography, white paper, and educational info sheets produced from this project are of interest to 
legislature and state agencies for funding to renovate and construct new schools. 
KEYWORDS: schools, literature review, indoor environmental quality, facilities, learning 
 
 

1. INTRODUCTION  
As schools across the globe renovate or 

construct new facilities, there is a critical need to 
understand the key impacts of the built 
environment on children’s learning, engagement, 
health and well-being. This study encompasses a 
comprehensive literature review of existing 
literature to define key facility design elements of 
K–12 schools that impact student engagement and 
learning. Research summarized existing peer-
reviewed publications and reported the impacts of 
the built environment on student’s performance 
and well-being. Approximately 500 international, 
peer-reviewed publications showed direct 
relationships between learning and facilities. An 
annotated bibliography, white paper, and a set of 
educational info sheets was disseminated in 
December 2021 through the NetZed Laboratory 
website at the University of Oregon. 
 
2. LITERATURE REVIEW AND METHODOLOGY 

The literature review initially drew upon more 
than 700 publications from architecture, science, 
and educational databases using a framework with 
learning and engagement at the center, enclosed by 
the physical environment and manifested by indoor 
environmental quality (IEQ), the spatial 
environment, and people/community (Fig. 1). 

Figure 1:  
Impacts on learning and engagement framework.  
 

 
  
Publications included journal articles, 

dissertations, review, reports, case studies, field 
studies, books, and other literature reviews. The 
literature review further refined the selections to 
approximately 500 publications to form an 
annotated bibliography that includes: summary, 

 

publication type, study type, sample number, 
duration, and age or developmental stage. 
This paper will describe selected (*) key findings in 
each of the three categories of the framework 
within subcategories: 1) IEQ: thermal comfort, 
indoor air quality*, lighting, views*, acoustics; 2) 
Physical: school maintenance and operation*, 
school design*, classroom organization; 3) 
People/Community: social interactions, 
relationships, teaching and learning, 
belonging/safety/security*, health and well-being. 
 
3. FRAMEWORK OF FINDINGS 

A selected number of key findings are described 
below in further detail under each category. A few 
are evidenced with references. 
 
3.1 Indoor Environmental Quality (IEQ) 
3.1.1 Indoor air quality (IAQ) 

The existing literature agrees that IAQ has an 
effect on the health and performance of children in 
schools. Children encompass a vulnerable 
population when it comes to exposure to indoor 
pollutants as they may cause respiratory health 
symptoms and affect children with asthma (Chithra 
& Shiva Nagendra, 2018). Studies that used CO2 
concentrations as a proxy to assess ventilation rates 
in schools consistently found that classrooms did 
not provide adequate ventilation rates to the 
students and did not comply with the existing 
standards, which creates the conditions for 
unhealthy indoor air quality (W. J. Fisk, 2017).  

In addition, there is robust evidence that 
increased ventilation rates have a positive effect on 
student performance (Bakó-Biró et al., 2012; W. J. 
Fisk, 2017). These improvements have been 
assessed through test scores, specific tests on 
cognitive abilities or by measuring the speed at 
which students are able to finish certain tasks. 
Conversely, classrooms with lower ventilation rates 
have a negative effect on students’ concentration 
and memory (Bakó-Biró et al., 2012; U. Haverinen-
Shaughnessy et al., 2011; Nishihara et al., 2014).   

Among the reviewed studies, only one directly 
related pollutants with student performance using 
longitudinal data. This study correlated air pollution 
data near schools from the EPA, with math and 
reading test scores using the Early Childhood 
Longitudinal Study (ECLS) from the National Center 
for Education Statistics. The study  found suggestive 
evidence that poor IAQ in early childhood could 
affect school readiness, especially regarding pollen 
and ozone concentrations (Marcotte, 2017).  
Further studies have looked at the relationship of 
IAQ with health, and its possible relationship with 
absenteeism. IAQ studies in schools have commonly 
used absenteeism as a proxy to assess student 

performance. Nonetheless, the relationship of 
absenteeism related to respiratory health effects 
and poor student performance, is not always 
consistent (U. Haverinen-Shaughnessy et al., 2012; 
Ulla Haverinen-Shaughnessy et al., 2015). 

Additional environmental parameters are a 
promising area for the study of IAQ in schools.  For 
example, among the reviewed studies, a few 
assessed the impact of reduced levels of relative 
humidity in the respiratory symptoms of children 
and teachers, others looked at its impacts on 
bacterial load, allergen, or influenza-A virus 
concentrations (Andualem et al., 2019; Angelon-
Gaetz et al., 2016; William J Fisk et al., 2019; 
Reiman et al., 2018). These studies are directed 
towards relating IAQ with children’s health, but 
how these environmental conditions influence 
student performance remains an open question.  

In summation, the key findings of the review 
regarding IAQ are:  

• Increased ventilation rates enhance student 
performance. Conversely, low ventilation 
rates hinder concentration and test 
performance.  

• Pollutants and microbes in schools have 
been studied in relation to health but few 
studies have linked them directly with 
student performance. 

• The relationship between IAQ, absenteeism, 
health, and performance need further 
study. 

 
3.1.2 Views 

A few studies have associated directly with 
student performance. For example, by comparing 
class scores in identical classrooms and classes with 
different view conditions, a study found significantly 
better final scores and class perceptions in 
undergraduate sections of a class with a view of an 
open grassy area, than those that overlooked a 
retaining wall (Benfield et al., 2015). Similarly, a 
year-long longitudinal study in elementary schools 
qualitatively describing window conditions found 
that good quality views were associated with better 
student learning in math and reading (Aumann et 
al., 2004).  

Views of nature have been found to help direct 
attention and help students recover from stressful 
situations through physiological markers, attention 
span tests and self-reports. A randomized 
controlled experiment with high school students 
using three different window conditions (no 
window, good view, natural view), found that 
natural views helped students recover faster from 
stressful situations (Li & Sullivan, 2016). Therefore, 
the literature suggests that views, and particularly 
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views of nature are beneficial for student wellbeing 
and performance.  

The key findings of the review concerning views 
are: 

• Views of nature decrease stress and 
increase student performance. 

• A good view out of windows is significantly 
associated with better student learning. 

 
3.2 Spatial Environment 
3.2.1 School maintenance and operation 

Building conditions have been associated with 
student performance, mediated by school climate. 
The reviewed research suggests that the way the 
school community perceives the building, as well as 
the social interactions the building allows for affect 
student performance (Maxwell, 2016).   

Schools with most disrepair have been 
associated with high levels of absenteeism (Eitland, 
2020) and lower academic performance (Berman et 
al., 2018; Chan, 1996) . Similarly, schools with low 
structural quality and high student mobility have 
been associated with lower student performance 
(Evans et al., 2010). In most studies, schools with 
more disrepair belong to communities of lower 
socioeconomic status (SES), minority or 
disadvantages students (Simons et al., 2010). 
Nonetheless, a few of them have controlled for SES 
and found that attendance was a mediator between 
building condition and academic performance 
(Durán-Narucki, 2008).  

A few studies have compared green schools with 
traditional schools. The reviewed studies did not 
find any direct associations between energy 
efficient or LEED buildings and student 
performance. Nonetheless, one found a relationship 
between thermal and visual comfort with student 
performance (Apriesnig et al., 2020). This lack of 
association may be caused by the fact that 
certification towards energy efficient buildings may 
not always pursue health and performance goals 
(Eitland, 2020). Therefore, future studies could 
study schools that specifically pursue these 
objectives during their operation.  

With the Covid-19 pandemic, the maintenance 
of ventilation systems became one of the most 
salient topics for school buildings. Nonetheless, 
before the pandemic, studies had looked into the 
maintenance and operation of ventilation systems 
in classrooms. The inclusion of mechanical means or 
sensors to regulate ventilation in classrooms is an 
alternative to provide adequate ventilation (W. J. 
Fisk, 2017). In addition, other parameters, such as 
relative humidity need control too. Extremely high 
levels may predispose the environment for the 
appearance of mould, and very low levels may 
cause respiratory, ocular or skin health effects 

(Wolkoff, 2018). Both situations were found in the 
reviewed literature, supporting the idea that 
schools need to maintain ventilation systems in 
schools and constantly monitor IEQ. 

Some studies have calculated the cost of 
improving the ventilation systems of schools to 
provide ventilation rates that comply to the 
standard. Studies form the US and Europe argue 
that the cost of improving the ventilation rates 
doesn’t compare in monetary value to the 
educational and societal benefits that this might 
produce (W. J. Fisk, 2017; Gehrt et al., 2019; 
Mendell et al., 2013). In fact, in a study from 
California, Fisk (2017) argued that doing this would 
constitute less than 0.1% of the public education 
spending in the US (W. J. Fisk, 2017).  

As of February 2022, there is robust evidence 
supporting that ventilation and filtration play key in 
the prevention of the transmission of Covid-19. 
Multiple organizations have released documents 
with guidance on ways to improve ventilation and 
implement complementary measures to maintain 
healthy indoor environments. It is likely that with 
the Covid-19 pandemic, the health benefits, and 
related reduced medical costs of improving the 
ventilation systems in schools are even larger now. 

The main findings on school maintenance and 
operations are: 

• Ventilation investments are a cost-
effective and long-lasting measure to 
prevent COVID-19 and can increase 
student performance. 

• Building disrepair has been associated with 
student performance and absenteeism. 

• Green schools haven’t been directly 
associated with increased student 
performance, but their enhanced IEQ, 
relation to nature and energy efficiency are 
beneficial for students 

 
3.2.2 School design 

School and classroom size, as well as classroom 
density are among the key items for school design, 
and literature has investigated how they affect 
student well-being. The reviewed literature agrees 
that schools that provide opportunities to create 
small communities generates a greater sense of 
ownership (Hand, 2014). This is beneficial for 
students as it creates the possibility for developing 
relationships that are beneficial for learning, as well 
as more personalized instruction (Woolner et al., 
2012). In a similar vein, a few studies have 
advocated for more flexible learning spaces. 
Flexibility may deemphasize the hierarchical nature 
of the classroom, and open possibilities of increased 
collaboration, teamwork and interaction with the 
school community. In addition, design flexibility 

 

provides opportunities for different classroom 
activities, such as group work and eating together 
(Deed & Lesko, 2015; Wu et al., 2020). Nonetheless, 
increased openness in the classroom can hinder the 
acoustics and control that teachers have over the 
classroom.   

Specific to spatial design, studies found that 
different spaces in the school need to possess 
different environmental qualities. For example, 
classrooms need to provide adequate spaces for 
learning, while other areas of the school such as 
libraries, commons and atriums do not have such 
high requirements and benefit from providing 
spaces for socialization that improve engagement 
(Maxwell & French, 2016). 

School grounds, outdoor spaces and green areas 
are very important for student health and positively 
impact learning. For example, a study found that 
tree cover and green spaces were predictors of 
student performance (Sivarajah et al., 2018). 
Similarly, outdoor learning has proven beneficial to 
increase attention and engagement in low 
performing students (Kuo et al., 2019).  

A number of studies using self-reports have 
found that being in nature helped students’ release 
stress and learn in a more satisfactory nature (Kuo 
et al., 2019). Indeed, the literature suggests that 
outdoor classrooms have valuable qualities for 
student learning, as they allow for play and the 
advancement of sensory and motor skills, as well as 
physical and cognitive development (Nel et al., 
2017). 

The key findings on school design from this 
review are: 

• Schools’ outdoor green space has a 
significant positive impact on health, 
learning and academic achievement. 

• Schools should be flexible and 
accommodate for a variety of situations 
and activities social/private, noisy/quiet. 

 
3.3 People and Community 
3.3.1 Belonging, Safety, and Security:   

The school building, school grounds and the 
neighborhood play a key role in the feelings of 
safety of students. Safety starts on the way to 
school, so areas that provide spaces to play, 
exercise and gather, can help neighbourhoods feel 
more like a community, and improve the sense of 
safety and belonging of children.   

Similarly, building and grounds safety and 
security are important in case of natural disasters, 
terrorist attacks, internal violence, or other 
emergencies. In the reviewed literature, visible 
security measures, such as security cameras, were 
found to have mixed effects. Indoor cameras 
decreased students’ feelings of safety, while 

outdoor cameras only generated a moderate sense 
of safety. In addition, cameras produced higher 
perceptions of safety in white students than black 
students, showing that these measures may not be 
perceived equally by all student communities 
(Lindstrom Johnson et al., 2018).   

Other alternatives such as Crime Prevention 
Through Environmental Design (CPTED) have shown 
to generate better results as they can involve safety 
strategies through spatial design including access 
control, territoriality/maintenance, and natural 
surveillance. These strategies have been found to 
bring psychological comfort to the students and 
reduce their security concerns (Lamoreaux & 
Sulkowski, 2020). 

Schools help students create social networks, 
which creates a sense of belonging. Belonging is 
important, as it impacts youth’s cognitive 
functioning, academic outcomes, and multiple 
social emotional aspects. Overall, the literature 
shows that feelings of inclusion can have an impact 
in the well-being and life trajectory of students.  

The key findings regarding belonging, safety and 
security are: 

• Safety and security encompass the 
environmental and spatial visual cues from 
departure from the home, on the way to 
school and on school grounds and the 
physical building. 

• Students who feel a sense of ownership 
and belonging to the school and 
community have social and academic 
success as well as long term trajectories of 
individual well-being and contributions to 
society. 

• Familiarity with the physical layout and 
uses of school buildings encourages 
activity that contribute to the feeling of 
community and pride in the school, also 
yielding a sense of security during 
emergencies. 

 
4. GAPS AND FUTURE RESEARCH 

This literature review covered multiple ways in 
which the physical environment of school facilities 
affects learning and engagement. Regarding the 
selected key findings described in this paper, future 
directions of research include expanding the 
existing research developed on pollutants and 
microbes in schools and their associations with 
health and performance. In addition, research 
investigating school maintenance and its 
association with performance could be expanded to 
include calculations of COVID-19 prevention and its 
positive effects on student health and reduced 
absenteeism. Similarly, studies looking at green 
buildings focusing on health and wellness could 
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investigate possible relationships with student 
performance, as the reviewed studies were not able 
to identify a relationship, given the unknown nature 
of the credits green schools pursued.  Finally, 
studies expanding work on crime prevention 
through environmental design (CPTED) could 
validate the findings of existing studies.  

The literature review showed that most studies 
investigated only one or two aspects of the built 
environment, given the difficulty, and overlapping 
effects of studying multiple parameters. Future 
research could investigate multiple issues at a time, 
to account for the multidimensional influences that 
occur in the learning process. In addition, the 
reviewed studies come from multiple disciplines, 
and therefore use a multiplicity of theoretical and 
research approaches, which do not allow for easy 
comparison. A consistency of measures and metrics 
regarding health, performance and their relations 
with the environmental parameters are needed. 
Finally, there is a need for interdisciplinary research, 
as studies are settled on their research niches, and 
they usually do not involve all the actors that 
interplay in the school environment. 
 
5. CONCLUSIONS 

Many of the key findings mentioned here are 
generalized. Yet to make comparisons, larger 
studies need to be made that contrast parameters 
across age groups, programs, sample sizes, seasons, 
socio-economic groups, and take into account 
cultural norms.  

The deliverables of the project include the 
annotated bibliography, white paper report, and 
info sheets that were publicly disseminated in 
November 2021, and are currently available on the 
NetZED Laboratory website:  

https://netzedlab.uoregon.edu/research/ 
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consideration of climate change in Medellín, Colombia 
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ABSTRACT: Educational spaces should not consider climate as a factor that disturbs the development of activities 
and the quality of life of occupants. However, actions applied to reduce the high levels of discomfort, caused by 
an increase in interior temperature, lead to progressive infrastructural changes and overreliance on air 
conditioning installations. For this research, the current and future conditions of thermal comfort in the 
classrooms were evaluated, predicting climate change for the year 2050. The implemented methodology is 
based on computerized simulations from a predictive thermal comfort model, obtained from the modification of 
the city climate file, that afford the information to analyse the climate chance since three comparative 
viewpoints.  The obtained results from the 4 classrooms studied show an approximate increase of 11,1% in 
discomfort for the year 2050, in which internal temperatures will be found for longer periods of time in 
temperature ranges between 25°C and 31°C, due partly to an increase in outdoors temperature, which results in 
an increase of approximately 3°C in a period of 30 years. 
KEYWORDS:  Climate Change - predictability - Thermal Comfort. 

 
 

1. INTRODUCTION  
       Promote healthy environments, that 
guarantees a good quality of life and the full 
development of activities, has become in an 
impending necessity, especially in the educational 
sector [1]. However, in the “Universidad Nacional 
de Colombia, Sede Medellín”, there has been a 
progressive increase in thermal discomfort by the 
users, partly due for an unsuitable relationship 
between activity – space, the increase in campus 
occupancy and a progressive impact of the climate 
change in the educational infrastructure [2]. Due to 
it, these circumstances have led to progressive 
infrastructural changes and air conditioning 
installations which help in reducing the thermal 
discomfort; nonetheless those actions that at first 
seems to be a solution, are insufficient in a medium 
and long term because they exclude things like: 
high energy-economic cost, the health 
consequences by the use of artificial cooling [3-4], 
and the city weather context. 
      Regarding climate change, that worsens the 
thermal indoor discomfort, a research [5] in 
Medellin city established that in a fifty years, the 
city would experience 0.8°C increase in the average 
temperature, 1.3°C in the minimum temperature, 
0.5°C in the maxim temperature and a relative 
decrease in the humidity of 2.3%, Furthermore it is 
expected that in the decades of 2030-2040 and 
2040-2050, there will be an increase of 0.5 °C in the 
hottest hours of the diurnal cycle and for the last 
decade mentioned, the amount of days that will 
exceed the threshold of 29 °C will be 150 [6]. 

 
      Owing to this scenario, it is essential to quantify 
the thermal discomfort in the university [7] having 
into account the climate change, for this it is 
expected that the progressive increase in 
temperature due to climate change have a direct 
impact in the energy demand of the building and 
the user comfort, estimating that the educational 
spaces conditions will be more challenging due to 
the occupant high density and the sensibility of 
them to the heat [8]. Consistent to this, evaluate 
the incidence of climate change in educational 
spaces is the object of this investigation. This is the 
reason why the importance of this research lies in 
the fact that, based on data obtained in the 
simulations, it is possible to take, as an analysis 
methodology, from two time points (2020-2050), 
the ways how climate change can be analysed: 
evaluating the direct impact of the temperature in 
the infrastructure, the user’s thermal comfort in 
relation with the comfort standard chosen and the 
relation between indoor and outdoor temperature 
of the building. [9] 
 
2. METHODOLOGY 
      In the first stage, the methodological process 
focuses on the study of a representative building 
located on the university campus of the National 
University of Colombia in Medellin. The building 
mentioned before is the 24, where four classrooms 
located entirely on the fourth level were selected: 
Classrooms 402 and 411, with east west 
orientation, where theorical activities are carried 

 

out and Classrooms 406 and 418, with north south 
orientation, where theorical and practical activities 
are realized. (Practical and theoretical).  
 

 
Figure 1: Location of the study building within the 
university campus. 
 
     From the study case selection, parametric 
simulations were carried out in order to evaluate 
the thermal performance of 2019, which allowed to 
know the environmental situation on the 
classrooms during the mentioned year. 
      Afterwards, the weather file of the city is 
modified based on the morphing method [10] to 
2050, using the CCWorldWeatherGen tool from the 
UK Met Office Hadley Center Coupled Model 3 
HadCM3 with the aim of simulating the future 
thermal conditions, obtaining from this an 
approximation of a future comfort standard. 
      The pertinent results of thermal simulations 
were studied from three analysis variables: (1) using 
the adaptive comfort of 2019 and leaving the static 
comfort zone, (2) taking the adaptive comfort 
calculated with the outdoor temperature taking 
into account climate change and (3) leaving the 
comfort zone for study the relation between the 
inside and outside temperature. 
 
2.1 Selection criteria 
      For the building selection in the university 
campus was important to choose a representative 
physical characteristic such as materiality and 
dimension. On the other hand, it was sought that 
the classrooms, as well as the classes, had the 
greatest variety of differentiating cases with the 
purpose of observing the behavior of particular 

present situations and the predictive study of the 
thermal comfort. The floor level was chosen based 
on the analysis of the floor that had the largest 
number of classrooms and scheduled classes. 
      Regarding to the choice of the classrooms, there 
was three global variables for the selection: 

A. Orientation with respect to the cardinal 
points: a classroom was selected for each 
orientation (one classroom with south 
orientation, one north, west and east. 

B. External conditions that affect the 
ventilation: obstruction or ease Trees, 
neighboring buildings and the level 
position of the chosen building. 

C. The typologies of the classroom and 
specific necessities, for which two mixed 
classrooms and two theoretical classrooms 
were selected. 

 

 
Figure 2: Selected classrooms in the building. 
 
2.2 Tools 
      For the parametric simulation of the spaces, the 
OpenStudio tool [11] was used through the 
Grasshopper software [12], which is an interface for 
graphical programming within Rhino 3D. 
 
2.3 Metrics 
      The analysis of the results obtained by the 
parametric simulations were determined by the 
adaptive comfort model [13]. For the graphic 
understanding of this model, the adaptive comfort 
chart was used [14].  
 
2.4 Simulation 
      A review of the annual hour by hour of thermal 
behavior for the year 2019 and 2050 and 2050 was 
used from the climatic archive of Medellín [15].  
      The classroom modelling was done 
independently as a thermal zone, the characteristics 
and implementations of the thermal simulated 
models are over served in the table (1) as in the 
figure (4). 
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Table 1: Parameters used in the space simulation.  

 
Figure 4: Simulation parameters representation. 

 

2.5 Analysis criteria 

      1) Static comfort method: Analysis criterion that 
allows to see the general increase in temperature, 
as well as studying the deterioration range of each 
individual classroom. (Adaptation of infrastructure 
to climate change). 
      2) The adaptive comfort with climate change 
method: The comfort zone is recalculated taking 

into account the adaptive comfort zone for the 
present with the climate context of the city and 
taking the comfort zone for the future. Therefore, 
the dry bulb temperature for the year 2019 and 
2050 (the entire range of annual hours) was taken 
from the climatic file and the formula for natural 
ventilation of ASHRAE 55 [13] was applied. 

• To find the comfort temperature the 
equation 1 was used.  

Tn= 17.8+(0.31*Tm) 
Tn: Neutral temperature   Tm: Average temperature 

• Equations 2 and 3 were used to find the 
comfort temperature limits: 

Lim max. Zc=Tn + 2.5°c 
 

Lim min. Zc=Tn - 2.5°c 
Zn = Comfort zone 

      3) Relation between interior and exterior 
method (RIE): This analysis criterion allows to see 
the relationship between the building and the 
exterior environment. 
 
3. RESULTS 
      1) For this first criterion (Static Comfort 
Method), the individual behavior of each classroom 
is taken into account. The best performing 
classroom regarding the quantity of higher 
temperatures in both annual ranges, is the 
classroom 411 of theorical use, which has a total 
percentage of 33.7% of high temperatures in 2019, 
with an increase of 36,5% to 2050, and although it 
has the highest amount of variation in the total 
number of classrooms, it is still the classroom with 
the fewest number of hours by the year 2050, with 
66,2% according to this comparison. On the other 
hand, the classroom with the worst results in 
respect to the number of high temperatures is the 
classroom 406 of mixed use, with a time of 44.8% of 
high temperatures in the present and 83,1% by 
2050. According to the results, it is possible to 
consider that the type of activity inside the spaces 
directly influences, in this specific case, the thermal 
behavior. 
 
 
 
Average Indoor temperature 
 

Classroom 402 406 411 418 
2019 24.5°C 24.6°C 24.6°C 24.5°C 
2050 25.6°C 25.6°C 25.2°C 25.6°C 

 
 

 

Average percent of hot hours 
 

2019 44.8% 44.8% 33.7% 43.8% 
2050 81.3% 83.1% 72.1% 81.8% 

 
Variation 36.5% 38.3% 38.4% 37.5% 

Table 2: Average indoor temperature and general increase in 
discomfort, based on the static comfort method.    

      2) The average percentage of thermal 
discomfort in the simulated classrooms for the year 
2019 was 46,6% of the time; the differences 
between classrooms in regard to the least amount 
of time in discomfort and the longest amount had a 
difference of 11.1 % which equates to 796 hours. In 
2050, the percentage of discomfort will be of 56% 
meaning that, in a period of 31 years, there will be a 
percentage increase in discomfort by approximately 
10%. 
 

 

 

 

 
Figure 6: Annual interior-exterior thermal results per classroom, 
based on taking the adaptive comfort into account climate 
change method. 

      3) The obtained results show a generalized 
increase in the outside temperature by the year 
2050 where the hourly temperatures exceed the 
resulting minimum thresholds for 2019 by 3°C, 
namely, in 2019, the registered minimums 
temperatures are in a range of 15°c to 18°C, for 
2050, the minimum temperatures will be between 
18°C and 21°C. Something similar happens on the 
interior temperatures, where there is an increase of 

2°C in the minimum temperatures between the two 
study years: in for 2019 the average minimum 
temperature is 20°C, by 2050 it will be in 22°C.                            
Despite this, there are no hours, in both indoor and 
outdoor temperatures that exceed the threshold of 
30°C in both periods analyzed; what is identified is 
an increase of the quantity of hours that are 
between 26°C and 29°C by the year 2050. When 
comparing both temperatures, the one that both 
presents the highest amount of hours in high 
temperatures and gets closer to the threshold of 
30°C is the exterior temperature, which shows an 
approximate difference of 1°C between the two 
highest temperatures in 2050. At the same time, it 
is demonstrated with this method that, generally, 
the best time periods where in the morning and in a 
small portion of hours during the night while, on 
the contrary, the worst hours are between noon 
and afternoon hours. 
 
Classroom 402 

 
Classroom 406 
 

 



ARCHITECTURE FO
R HEALTH AN

D W
ELL-BEIN

G

ARCHITECTURE FO
R HEALTH AN

D W
ELL-BEIN

G

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

602 603

 

Classroom 411 

 
Classroom 418 
 

 

Figure 7:  Annual range 2019 and 2050, difference interior-
exterior, classrooms 402, 406, 411 and 418. Based on Relation 
between interior and exterior method. 

 
4. DISCUSSIONS 
      (Belcher & Hacker, 2005) Use present 
meteorological data and transform it to portray the 
changes in degrees (day) caused by climate change. 
[11]. Their research on seasonal climates, showed 
that, in a period of analysis from 1989 to 2080 (91 
years there will be an approximate increase of 6°C 
during summer, and an increase of 2 to 3°C during 
winter. Nevertheless, currently thermal analyzes 
are still being carried out with current climate files 
for future climate scenarios, which in reality are not 
current and sometimes come from historical 
sources that do not agree with present natural 
phenomena. This method can reach conclusive 

results, but sometimes can be inaccurate to the 
current and future situation.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
      In this same order of ideas, according to 
Medellin’s climate action plan [4], it is predicted 
that between the decades of 2030-2040 and 2040-
2050 the number of days that will exceed the 
threshold of 29 °C will be 150 days per year, 
however, our investigation did not find values 
above 29°C in our projection, even though the 
increase in exterior temperature is most prevalent 
in values that were originally in the range of 26°C to 
28°C. This is due to the way an EPW file is built, 
which configures its data based on representative 
averages, removing extreme data points. In this 
sense, it is necessary to identify tools to carry out 
climate analyses focused on extremes, not on 
averages. However, the analysis based on the 
average manages to identify that there is a general 
increase in annual high temperatures; as well as the 
way (Restrepo – Betancur) [5] describes it, where 
Medellin will have an increase of 0.5 °C in the 
hottest hours of the diurnal cycle. 
      On the other hand, considering the three 
analysis criteria for climate change used in this pilot 
study, it is found that in the case of analysis criteria 
1 (S.C.M.), there is a thermal worsening by 31% on 
average. With respect to criterion 2 (Ad.C.), there is 
an increase in discomfort by 10%; and criterion 3 
(RIE) registers an increase by 90% of its worsening 
rate in a period of 31 years. 
 
 

 
 
Figure 8:  Comparison of the percentage of worsening for the 
year 2050 of the three criteria analyzed. 

 

      In the same lines, it is evident how in this case 
study, the analysis criteria 3 (RIE) is the most 
representative criterion. As shown in figure (9), on 
some occasions there is a difference of 5°C between 
interior and exterior temperature on an average 
day in the year 2050, which is an important 
difference considering that it is a tropical climate. 
 
 
 
 

 

Classroom 418 – 2050 
 

 
 
Figure 9:  Comparison of indoor and outdoor temperature 
classroom 418 in the year 2050. 

 
5. CONCLUSION 
      Being a pilot study of the physical conditions of 
the building and, in turn, of the university campus, 
it is possible to infer the deterioration tendency of 
the physical infrastructure is approximately 21.98% 
by the year 2050. In addition, the occupancy and 
thermal load by electronic devices were the most 
representative factor for thermal stress due to heat. 
      Regarding the current comfort conditions, the 
classrooms studied present an average discomfort 
rate of approximately 46.6% of the annual total 
and, by the year 2050, an increase in these 
conditions by 11,1%. Despite human adaptation to 
temperature change, said adaptation is not enough 
to maintain the same percentage of time within the 
comfort zone.  
      In relation to the relationship between outdoor 
and indoor temperature, the outdoor temperature 
presents a maximum increase of 3°C in a period of 
31 years, in comparison, the indoor temperature 
reaches an increase of 5°C in its worst cases and an 
appreciable rise in the frequency of hours at high 
temperatures. In other words, while the difference 
between interior and exterior in 2019 was, in 
average, only 3°c, in the year 2050 it will be 4.3°c on 
average, this last metric being most affected by 
climate change in our case study. 
      As for the three methods of analysis, it is 
concluded that the results for each analysis criteria 
will be different for each case study, for which it is 
necessary to identify the representative situation 
most affected by the effects of climate change; In 
this way, measures can be applied in the medium 
and long term.  
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ABSTRACT: The building resilience had become a significant question in the building energy efficiency field, 
considering the effects of climate change in their energy use. Passive strategies, such as natural ventilation, can 
improve indoor comfort conditions for occupants. However, with increasingly temperatures, the use of air 
conditioning becomes inevitable. This article aims to identify the overheating risk of naturally ventilated elementary 
school buildings in two Brazilian cities and measure the energy use when conditioning systems are added to 
guarantee indoor comfort conditions. The building was simulated for the current climate file plus four future climate 
scenarios. Three conditions were stablished: naturally ventilated, mix-mode air-conditioned and fully air-conditioned. 
For the naturally ventilated conditions, three criteria concerning overheating risk were analysed. The building failed 
in both cities, for the three criteria in all cases, demonstrating high overheating risk. The cooling energy use for the 
two air-conditioning conditions was very similar within each scenario, varying from 8.68 to 12.12 kWh/m².year in São 
Paulo and from 22.29 to 25.96 kWh/m².year in Manaus. The results showed that more legislative reaction and 
standardization of overheating risk in hot countries should be done, as well as investments to create more energy 
efficient buildings with lower need for active interventions. 
KEYWORDS: Energy Simulation, Future Climate Profiles, Reference School Building, and Climate Neutrality. 
 
 
 

1. INTRODUCTION  
The mitigation of climate change is strong related to 

the energy use in buildings and natural ventilation can 
be a key strategy to overcome this question [1]. 
Considering the Brazilian climate, the natural 
ventilation strategy is recommended for most climate 
zones to reduce thermal discomfort caused by heat [2]. 

Schools, for example, are responsible for 
accommodate learning practices and play an impacting 
role in the community structure [3]. Thermal comfort 
conditions could affect students’ academic 
performance [4] and even their school attendance [5], 
factor that is directly linked with ventilation rates [6]. 
This building typology will also face the impacts of 
climate change and should be specifically evaluated. 

The Intergovernmental Panel on Climate Change 
(IPCC) publishes reports in order to investigate the 
impact of climate change on energy resources, human 
activities and extreme events, such as the last fully 
released, namely the Fifth Climate Change Assessment 
Report (AR5) [7]. Four scenarios of GHG emissions, air 
pollutant emission and land use are described: one 

stringent mitigation scenario (RCP2.6), two 
intermediate scenarios (RCP4.6 and RCP6.0) and one 
scenario considering high emissions (RCP8.5). The rising 
of air temperatures due to climate change can lead to 
overheating of indoor environments and have 
important effects in the human health [8]. 

While studies concerning the overheating risk 
related to the warming climate are increasing, there is a 
lack of research in developing countries with hot 
climate, especially for educational buildings. The aim of 
this study is to investigate the impact of climate change 
in the natural ventilation strategy in Brazilian 
elementary school buildings, through an assessment of 
the overheating risk. 
2. METHOD 

The method of this article is divided in four steps 
(Figure 1): (1) climate files generation; (2) dynamic 
energy simulations; (3) overheating risk analysis and; 
(4) evaluation of energy use for cooling. 

The elementary school building used for the study is 
the national archetype model for Brazil [9]. The two-
storey rectangular building has nine classrooms and 

 

 

three administrative rooms and gross floor area of 
1,566m². The Window-To-Wall Ratio is 60%. The front 
façade was oriented to the North orientation during the 
energy simulations. The construction system, the 
thermo-physical properties and building details are 
described in the study by Geraldi et al. [10]. No shading 
devices were used in the building. 
 
Figure 1: 
Method’s flowchart 

 
 

2.1 Climate files generation  
The morphing method was used to generate the 

future climate files using the current files in SWERA 
version and EPW extension, through WeatherShift tool. 
The combination of 14 General Circulation Models 
(GMCs) establishes the tool development, as well as the 
use of Cumulative Distribution Functions (CDF) for each 
climate variable construction, through linear 
interpolation. The latter enables a better percentile 
distribution and decreases the uncertainties of the 
future climate pattern. The tool provides heating 
probabilities for the projections of 10% (less hot), 25%, 
50% (intermediary), 75%, 90% e 95% (hotter). 

In this paper, two climate change scenarios from the 
AR5 IPCC Report were morphed: RCP4.5 and RCP8.5, 
with two time-slices each, i.e., 2026-2045 (i.e., 2035) 
and 2056-2075 (i.e., 2065). In addition, current weather 
files in TMY format describe the baseline scenario. Two 
Brazilian cities representing different climate conditions 
of the country were chosen: São Paulo and Manaus, 
respectively Cfa and Am, in the Koppen-Geiger 
classification and 2A and 0A according to the ASHRAE 
169 [11]. 

The investigation concerning the climate profile for 
the two cities, in the current and future climate files is 
showed in Figures 2 and 3. The annual average 
temperatures were 19.55°C in São Paulo and 26.8°C in 

Manaus. In both cities the average temperatures were 
within the minimum and maximum temperatures 
(Tmin/Tmax), with values lower than 34°C. 

The average temperature (Tavg) during the current 
period and RCP8.5 – 2065 in Manaus was 26.8°C and 
30.2°C, respectively. The increase between these 
periods for São Paulo was of +2.6°C (22.1°C). 
Figure 2: 
Climate profile in São Paulo of the current and future period 

 
 

Figure 3: 
Climate profile in Manaus of the current and future period 

 
 

The investigation of overheating risk is crucial, 
considering the direct impact of the new climate 
conditions in the indoor environments and in the 
occupants’ thermal acceptability. 
2.2 Dynamic energy simulations 

In order to access the climate data and energy use 
for the scenarios evaluated, energy simulations were 
performed. Three conditioned scenarios were 
considered for the classrooms: (1) only naturally 
ventilated, (2) Mix-Mode (MM), considering natural 
ventilation and cooling and, (3) only Fully Conditioned 
(FC) with close windows. Administrative rooms and 
transitional spaces were only naturally ventilated. The 
conditioned scenarios were considered for all occupied 
hours in classrooms during the year. 

The simulation criteria, such as operation schedules 
and construction characteristics, follow the patterns 
found during energy audits in Brazilian elementary 
schools [10]. The occupied hours were set to 7:00–
18:00 from 15th of January to 20th of December for 
administrative rooms and 7:00–12:00 and 13:00–18:00 
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for classrooms, with school year from 1st of February to 
20th of December. A winter break from 1st to 30th of July 
was considered for both situations. Both (1) and (2) 
conditioned scenarios were made using Air Flow 
Networks in Energy Plus, the latter with Energy 
Management System tool, and 24°C as thermostat 
temperature. The FC scenario assumed that the HVAC 
system was active during the occupied hours in summer 
and spring, considering the cooling setpoint equal to 
24°C. The operative temperature was adopted for the 
cooling use calculations, which considers the mean air 
temperature and the mean radiant temperature in its 
calculation. The Coefficient of Performance (COP) used 
was 3.6, following the most prevailing values in 
Brazilian elementary schools [10]. The simulations were 
performed in EnergyPlus and totalized 30 scenarios 
altogether. 
2.3 Overheating risk analysis 

The overheating risk was evaluated based on the 
criteria described by de Dear and Brager and presented 
in Standard 55 [12]. In this research only the air 
temperature was considered in calculations. The 
neutral temperature (Tn) is defined in Equation 1. 
Equation 2 described the maximum temperature 
admissible for acceptability of 80% of the occupants. 

Tn = 17.8 + 0.31 x TEmed (1) 
Tmax =Tn + 3.5               (2) 

where Tn – Neutral temperature (◦C); 
          TEmed – Prevailing mean outdoor temperature (◦C); 
         Tmax – Maximum acceptable temperature (◦C). 

Three criteria were considered to evaluate the 
overheating risk, according the CIBSE TM52 [13]: (C1) 
hours of exceedance: the indoor temperature shall not 
exceed Tmax more than 3% of the occupied hours; (C2) 
daily weighted exceedance: it defines a threshold for 
the duration of the daily overheating risk, i.e., the 
number of degree-hours that the indoor temperature 
exceeds the Tmax by at least 1K, should be lower than or 
equal to six and; (C3) upper limit temperature: the 
indoor temperature shall not exceed 4°C more than the 
Tmax. 

The overheating risk was evaluated only in the 
classrooms, during the hot months for the Brazilian 
climates, from the 30th of September to 1st of May. The 
building was assumed unoccupied during the holidays, 
from 15th of November to 30th of January. 

2.4 Evaluation of energy use for cooling 
The increase of thermal load values in each future 

conditioned scenario, i.e., Mix-Mode (MM) and Fully 
Conditioned (FC), was compared to the current climate 
files. This analysis intends to evaluate the importance of 
the natural ventilation to the reduction of the thermal 
load, even if combined with artificial cooling. 

3. RESULTS 
3.1 Preliminary analysis: operative temperature 
fluctuation 

First, to understand the indoor and outdoor 
temperature fluctuation, for conditioned and naturally 
ventilated scenarios, a preliminary analysis of the daily 
mean temperatures for each scenario was carried out. 
The daily temperature fluctuations showed operative 
temperatures (To) higher than the outdoor 
temperatures (Te) in all cases. Between the two 
conditioned cases (MM and FC) there were not 
significative differences of operative temperature 
values, considering that the thermostat was set in 24°C 
for both cases. 

In São Paulo, the average difference for the 
conditioned scenarios between the external and 
operative temperature are 5°C and 4.1°C, for the 
current and RCP8.5 2065 climate files, respectively 
(Figure 4). Considering the Naturally Ventilated (NV) 
case, the average differences are higher, 8.9°C, 7.5°C, 
7.2°C, 8.4°C and 7.8°C for the current, RCP4.5 2035, 
RCP4.5 2065, RCP8.5 2035 and TCP8.5 2065, 
respectively (Figure 5). Therefore, the demand for 
active and passive cooling strategies will constantly 
increase, due to the raise of mean outdoor 
temperatures and the regularly higher indoor 
temperatures. 
Figure 4: 
Daily average temperature of São Paulo – FC and MM 

 
 
Figure 5: 
Daily average temperature of São Paulo – VN 
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The profiles described in Figure 4 and 5 also 

showed that, even in the conditioned scenarios, where 
the temperature is set to reach the thermostat value, 
the indoor temperature fluctuates according to the 
outdoor temperature and the cooling system 
performance. 

In Manaus, the same behaviour is observed in the 
three conditions: NV, MM and FC. The differences 
values in the conditioned scenario are slightly lower, 
4.3°C and 2.3°C for the current period and RCP8.5 2065, 
respectively (Figure 6). In the NV scenarios, the 
temperatures differences are similar to São Paulo: 
8.7°C, 8°C, 7.8°C, 7.9°C and 7.0°C in current, RCP4.5 
2035, RCP4.5 2065, RCP8.5 2035 and TCP8.5 2065, 
respectively (Figure 7). 
Figure 6: 
Daily average temperature of Manaus – FC and MM 

 
 
Figure 7: 
Daily average temperature of Manaus – VN 

 

 
There is a high overheating risk in both cities, mainly 

during the spring and summer months in São Paulo and 
during all year in Manaus. The three criteria described 
in 2.3 will be discussed in the next session. 
 
3.2. Overheating risk analysis and cooling strategies in 
current and future scenarios 

Table 1 shows the three criteria results for the two 
cities in the different emission scenarios. The data is 
given in percentage, number of days overcoming the 
threshold and number of hours overcoming the 
threshold for Criterion 1 (C1), 2 (C2) and 3 (C3), 
respectively. The three criteria fail in all cases, even 
with the shorter period of analysis (30th of September 
to 01st of May), indicating high overheating risk 
according to the stablished criteria. 
Table 1: 
Criteria 1 (C1), 2 (C2) and 3 (C3) results for overheating risk in 
naturally ventilated buildings, considering the three time-
slices and two climate change scenarios. 

São Paulo 
RCP 4.5 Current 2035 2065 

Tmax 27.36 27.81 28.00 
C1 16.67% 15.80% 15.82% 
C2 95  81  80  
C3 726  672  674 

RCP 8.5 Current 2035 2065 
Tmax 27.36 27.77 28.17 

C1 16.67% 17.45% 18.07% 
C2 95 105 117 
C3 726 801 846 

Manaus 
RCP 4.5 Current 2035 2065 

Tmax 30.30 31.67 32.34 
C1 21.04% 19.98% 18.90% 
C2 184 150 127 
C3 1035 925 847 

RCP 8.5 Current 2035 2065 
Tmax 30.30 33.73 35.43 

C1 21.04% 15.01% 13.08% 
C2 184 51 33 
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C3 1035 621 535 
 
In general, the percentage of exceeded hours in C1 

reduced in the future climate change scenarios due to 
the increase in the Tmax, for both Manaus and São 
Paulo. This result might be explained by the adaptability 
of the occupant in constant higher temperatures. The 
exception is for the scenarios of RCP8.5 in São Paulo. 
This pattern is repeated for the other two Criteria in 
Manaus. However, considering the results for São Paulo 
the Criterion 2 presents a slightly rise from the current 
scenario to both RCPs 8.5, i.e., 2035 and 2065. In case 
of Criterion 3, the value increased in 2.77%, 9.36% and 
5.32% from RCP 4.5 2035 to RCP 4.5 2065, from the 
current scenario to RCP 8.5 2035 and to RCP 8.5 2065, 
respectively. 

The natural ventilation strategy might not be 
sufficiently effective to mitigate the effects of 
overheating in classrooms. The risk is present and could 
offer high levels of climatic stress to the occupants. A 
consequence is the increasing usage of air-conditioning 
systems to maintain the occupant’s comfort conditions, 
which also elevates the energy use in buildings. Table 2 
presents the energy use results per area unit 
(kWh/m2.year) for Mix Mode (MM) and Fully 
Conditioned (FC) scenarios. 
Table 2: 
Cooling energy use for mix-mode (MM) and fully conditioned 
(FC) scenarios in kWh/m2.year for Manaus and São Paulo, 
considering the three time-slices and two climate change 
scenarios. 
 

São Paulo 
RCP 4.5 Current 2035 2065 

MM 8.82 8.68 9.25 
FC 9.58 9.55 10.11 

RCP 8.5 Current 2035 2065 
MM 8.82 10.26 11.46 
FC 9.58 10.93 12.11 

Manaus 
RCP 4.5 Current 2035 2065 

MM 22.29 23.68 24.54 
FC 22.30 23.68 24.55 

RCP 8.5 Current 2035 2065 
MM 22.29 24.13 24.95 
FC 22.30 24.14 25.96 

The results for cooling energy use are similar for the 
two scenarios, demonstrating that, during almost all 
occupied hours, operative temperatures are greater 
than the 24°C adopted as thermostat value. A special 
observation must be done for the obtained São Paulo 
values obtained for MM and FC in RCP 4.5 2035, 8.68 
kWh/m².year and 9.55 kWh/m2.year, respectively. Both 
are lower than the ones simulated for the current 

climate file, which can be explained by a limitation in 
the emission scenarios RCP4.5 and RCP8.5. Dodoo and 
Gustavsson [14] already noticed in previous studies the 
RCP4.5 scenario tendency of temperature increase up 
to 2060, decreasing and stabilizing by 2100. 

For the other cases, the cooling energy use 
presented constant rise from the current climate file, 
with similar percentages between MM and FC 
operations. The biggest differences were 23.05% and 
14.14% from the current climate file to the RCP 8.5 
2065 for both São Paulo and Manaus, respectively in 
MM scenarios. The percentual difference in cooling 
energy use from the current climate file and each 
future climate scenario simulated are described in 
Table 3. 
Table 3: 
Percentual difference of the cooling energy use from the 
current climate file to the future climate files 

 

Scenario RCP 4.5 RCP 8.5 
2035 2065 2035 2065 

São Paulo     
MM -1.65% 4.70% 14.06% 23.05% 
FC -0.32% 5.22% 12.32% 20.85% 

Manaus 
MM 5.88% 9.20% 7.66% 14.14% 
FC 5.83% 9.14% 7.60% 14.07% 

 

Even if HVAC systems are not frequently installed in 
Brazilian school building’s classrooms [15], this number 
tends to increase, following the pattern observed in the 
last years [16]. Consequently, with more conditioning 
equipment and higher temperatures, the energy use in 
schools is also raising, as showed in Table 3. 
 
4. CONCLUSION 

In this paper, the overheating risk was evaluated 
for elementary school buildings in Brazil, using three 
different criteria, based on the maximum temperature 
for each climate scenario. Also, the energy use for mix-
mode and fully conditioned cases to maintain the 
established comfort conditions was obtained using the 
current and future climate files. 

During all tested periods the three criteria failed, 
and the overheating risk intensifies for the future 
scenarios, which can provide high level of climate stress 
to classrooms’ occupants. The maximum and minimum 
obtained values for C1 are 21.04% (current climate) and 
13.08% (RCP8.5 2065) in Manaus and 18.07% (RCP8.5 
2065) and 15.80% (RCP4.5 2035) for São Paulo. 

The two conditioned scenarios had very similar 
values, which implicates that almost all occupied hours 
have higher temperatures than the established in the 

 

 

thermostat value. This condition can be suggested once 
the mix-mode system is only active with temperatures 
higher than the thermostat and the fully conditioned 
mode is active during all the occupied hours. The 
cooling energy use per unit of area was from 8.68 
kWh/m².year (MM, RCP4.5 2035) to 12.12 kWh/m².year 
(FC, RCP8.5 2065) in São Paulo and from 22.29 
kWh/m².year (MM, current climate file) to 25.96 
kWh/m².year (FC, RCP8.5 2065) in Manaus. 

Thus, only the natural ventilation strategy was not 
sufficient to mitigate the effects of climate change in 
both cities, increasing the need for active strategies in 
elementary schools. The use of other bioclimatic 
strategies should be indicated to reduce the 
overheating risk. Moreover, the impact of the 
overheating risk in the built environment still needs 
more attention in the legislation of Brazil: the NBR 
15.575 [17] present some thermal performance 
indicators for buildings, ranked as minimum, 
intermediary, and advanced. This classification is 
obtained through the calculation of the percentual of 
occupied hours of the building within the established 
temperature comfort range, according to the local 
climate. This indicator may be the starting point to the 
inclusion of new overheating risk criteria in the 
Standards of Brazil and other countries characterized 
with hot climate, to guide engineers, and stakeholders 
to minimize its effects. 
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ABSTRACT: Teaching methods and the conception of educational spaces have shifted, promoting new learning 
modalities and the designing flexible, adaptable and comfortable spaces. However, the new learning 
environments are challenging the indoor acoustic quality because of the noise caused by the variety of 
pedagogical activities. This article shows the acoustic simulation of a case study which has been designed to 
promote innovative pedagogical practices in Chile. The objective was to analyse the parameters of speech 
transmission index (STI) and speech distraction distance (rd) during quiet and noisy learning activities. The 
analysis was carried out in two learning situations to assess how four noise scenarios affected student's 
intelligibility. The results showed that without activity noise, the STI complied with current acoustic standards. 
Nevertheless, when the background noise reached levels between 53-60 dB, the speech was distracting up to 4 
meters, but the STI reached a fair intelligibility, but not acceptable, between students within a group at a 
maximum distance of 2 meters. In conclusion, current standards do not guarantee good speech intelligibility 
among students during group learning activities. In the future, incorporating new approaches to address a 
flexible acoustic design according to different pedagogical scenarios could improve student performance and 
well-being. 
KEYWORDS: learning environment, open-plan school, noise, acoustics, speech intelligibility 
 
 

1. INTRODUCTION  
Since the beginning of the 21st century, teaching 

methods and the conception of educational spaces 
have shifted from a teacher-centred approach to a 
student-centred learning, promoting new learning 
modalities through the design of flexible, adaptable, 
and comfortable spaces (Barret et al., 2019; Nair et 
al., 2009; Nair, 2011; MINEDUC, 2020). 

For example, Dovey and Fisher (2014), 
categorized the design of contemporary learning 
environments into five typologies depending on the 
degree of flexibility, an aspect which varies in a 
continuum between traditional enclosed 
classrooms and open-plan learning spaces (Fig. 1). 
According to these authors, these typologies can be 
better understood as assemblages, where teaching 
practices mix with adaptative space configuration. 
 

Figure 1:  
Degree of flexibility in learning spaces 

 
Note: Representation of degree of flexibility in learning 
spaces based on the typologies of Dovey and Fisher [5], 
adapted by Cleveland et al [6], redrawn by the authors. 
 

While pedagogical innovation in contemporary 
schools has fostered group, active and pedagogical 
practices, the new learning environments have 
removed some physical barriers of space, involving 
the students in a furniture dynamic use, and causing 
some complex problem with the acoustic wellbeing 
of the occupants (Robinson and Bellert, 2019; Shield 
et al., 2010).  

Considering that conversation among students 
can be more important than the teacher’s speech 

 

for creating a meaningful learning experience 
(Shield et al., 2015), current acoustic standards for 
school classrooms are not enough for the new 
learning environments, demanding the need to 
incorporate more flexible acoustic solutions for 
achieving an optimal speech intelligibility beyond 
the instruction activities. 

While the research about the acoustic quality of 
flexible learning spaces is limited, most of the 
studies have shown more problems than solutions 
to answer the demands of the 21st century (Vijapur 
et al., 2021). Although a contemporary learning 
environment promotes collective and active 
practices with elements necessary to create a 
personalized experience, it can also promote 
intrusive noise, a lack of privacy, sound distraction 
(Kariippanon et al., 2018) and overstimulation, 
provoking stress in both teachers and students 
(Alterator and Deed, 2013). Thus, the excessive 
noise can trigger problems in terms of health (Geller 
et al, 2007), comfort (Bluyssen et al., 2018; 
Karjalainen et al., 2020) and performance (Klatte et 
al., 2013; Shield et al., 2003, 2006, 2008). 

Classrooms should provide a suitable criterion to 
manage the indoor environmental noise, the 
Reverberation time (RT) and the Speech 
Transmission Index (STI) with the aim to provide a 
good communication between both teachers and 
students and students within a group. Nevertheless, 
there are a few countries with their own acoustic 
criteria for open-plan, semi open-plan or flexible 
learning spaces (BB93, 2015; BR15, 2015; DQLS, 
2020). 

Based on the information above, most standards 
recommend that the background SPL should be <35 
dB(A), but this is only possible to be found in 
instructional teaching because noise levels between 
58-77 dB(A) have been measured during group 
activities (Shield et al., 2015; Greenland and Shield, 
2011; Sarantopoulos et al., 2014). For stipulations 
about RT, the factor mostly depends on the size of 
the room and the requirement of RT in classrooms 
should be between 0.4-0.6 seconds. Concerning STI 
according to standards its evaluation should be at 
least 0.6, which represents a “good” speech 
intelligibility evaluation (Table 1) 

 
Table 1:  
Relation between the STI value and speech intelligibility 
evaluation according to Barnett and Knight (1995) 
 

STI Speech intelligibility evaluation 
0.00-0.30 Bad 
0.30-0.45 Poor 
0.45-0.60 Fair 
0.60-0.75 Good 
0.75-1.00 excellent 

 

Nevertheless, the main acoustic issue in the new 
learning environments is the intrusive noise arising 
activities and comply with the criteria for speech 
intelligibility during activities to ensure easy 
communication and to maintain privacy withing 
individual teaching groups (IOA and ANC, 2015). 

The uptake of the new learning environments, 
as the adaptation of the open plan schools, is 
increasing in Europe, Australia and New Zealand 
and recently emerging in the global south. This 
paper shows the acoustical simulation of a case 
study that consist of a new learning environment, 
which has been lately designed to promote 
innovative pedagogical practices in compliance with 
current acoustic standards in Chile (Fig. 2). 
 
Figure 2:  
Case study Future EduSpace in Chile 

 
 

The goal of this study was to identify the 
acoustic environment in different furniture settings 
in the flexible learning space, by indicators of the 
STI and distraction distance (rd) during group 
learning activities. To reach this target, as a first 
attempt, the acoustic performance in two learning 
scenarios (instructions and group work) with 
different levels of background noise level were 
simulated and the results between them were 
compared. 
 
2. METHODOLOGY 

The analysis was carried out by an acoustical 
simulation in EASE software, using the AURA 
module composed of a hybrid Ray Tracing engine, 
which uses both a deterministic Image Model and 
Stochastic Ray Tracing methods. 
 
2.1 Layout of learning space  

The enclosed space has a capacity of 30 primary 
students (2.3 m2 per students) and incorporates a 
folding partition increasing the area per student to 
3 m2 according to the learning process needs. This 
study contemplates the folding partition open 
because this space configuration represents the 
most unfavourable acoustic situation due to the 
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volume increase in the classroom. Nevertheless, the 
RT of the open space is 0.5 seconds and complies 
with the current standards. 

According to the group learning activity, the 
simulation was run in two learning configurations 
with different of background noise: group work 
organized in discussion sub-groups of 6 students 
and instructional teaching to evaluate and compare 
how the noise affects students’ intelligibility (Fig. 3). 
In addition, from the STI results, the distraction 
ratios rd were obtained from the source (in meters). 

 
Figure 3:  
Layouts of learning situations in the space 

 

a)

b)

c)

 
Note: Learning situations with source (S1) and receivers 
(01-11). a) sub-group work situation and b) instruction 
teaching situation. 
 
2.2 Sources, receivers, and background noise 

The computer model was run according to 
acoustic modelling of open plan spaces assumptions 
defining: first, source-receiver height, orientation, 
and vocal effort and second, calculation of overall 
noise level and the source directivity was modelled 
by means a representative three-dimensional 
directivity pattern for each octave band (IOA and 
ANC, 2015). 

On the one hand, one source represented one 
student into a group and nine receivers both at a 

heigh of 1 m were implemented in the simulation of 
(a) sub-group work learning situation. On the other 
hand, in the (b) instruction teaching situation to 
quiet students, one source represented the teacher, 
located at a height of 1.65 m on the centerline of 
the room and six receivers at a heigh of 1 m. The 
speech spectra SPL (dB), positioned at 1 m in front 
of the speaker’s lips, was set as an average of a 
raised voice effort of females and males (125-8kHz) 
as <51.0, 61.5, 65.6, 62.3, 56.8, 51.3, 42.6> (ANSI, 
2010; Rindel, 2010). 

To ensure a realistic prediction of STI, this study 
provides different noise levels based on the activity 
and the number of people speaking and generating 
background noise levels but excluded the speech 
source from which the STI was calculated (S1). 
Furthermore, this study assumed in the background 
noise that the acoustic insulation responds to 
current demands and the noise produced by 
equipment, e.g., dust and fume extract, computers, 
or projectors. 

Table 2 shows the background noise 
assumptions used to calculate the STI values in both 
learning situations. The instruction teaching 
situation calculated the STI from the teacher’s 
source in one background noise level (a) and the 
sub-group work situation calculated the STI from 
one student’s source assuming three scenarios: 
noise discussion in all groups with four speakers 
without considering the source S1 (b), conversation 
in three groups without considering the source S1 
(c), and general working of students in the space 
(d). The number of people speaking for the 
assumptions of the background noise, it answers to 
the operational speech sources in the space model 
and to the learning situations that involve the 30 
students. 

 
Table 2: Background noise assumptions (dB) used to 
calculate the STI values. 
Type of 

background 
noise (dB) 

125 
Hz 

250 
Hz 

500 
Hz 

1 
kHz 

2 
kHz 

4 
kHz 

8 kHz 

(a) 
Instruction 

to quiet 
students 

 

33.8 35.8 35.8 33.8 31.8 29.8 23.8 

(b) 
 Sub-group 

with 4 
speakers*  

 

55.0 66.0 71.0 68.0 60.0 53.0 44.0 

(c) 
Sub-group 

with 2 
speakers* 

  

50.0 60.0 64.0 58.0 51.0 45.0 40.0 

(d)  
General 

work 

54.0 54.0 54.0 54.0 49.0 44.0 39.0 

 

        
*Number of speakers in the room without considering 
source S1. 
 
2.3 Prediction method 

The simulation was run in EASE software, 
version 4.4 (AFMG, 2014), specifically in the Aura 
module, because it is composed by a hybrid ray 
tracing engine and allows mappings according to 
ISO 3382 and calculate the STI based on the IEC 
60268-16 (International Electrotechnical 
Commission, 2020). 

For the STI calculation, a high resolution of 
particles (rays), a long length of time (ms) and a 
default value for surfaces without scattering data of 
“40%-considerable structure” were selected. 
According to the user manual (Renkuz-Heinz, 2009), 
these parameters provide higher precision. 
Likewise, a simulated physical environment with 
20°C and 50% of relative humidity was applied in 
each background noise scenario. 

The acoustic distraction ratio rd was identified 
from the STI results in every background noise 
scenario. The rd, refers to the distance from the 
source speaker to a receiving point when the STI 
falls below 0.5.  
 
3. RESULTS 

The Fig. 4 and 6 shows the relation between 
speech intelligibility and distances r(m) from the 
source on the receivers. The top line rd indicates the 
speech distraction distance when STI values fall 
below 0.5. In the Fig. 4, the results showed that 
when students were talking into the groups 
simultaneously with an environment noise higher 
than 60 dB (background noise assumptions b and c), 
the STI was less than 0.5. On the one hand, when 
the background noise was higher than 68dB (b), the 
STI was lower than 0.3, presented an evaluation of 
bad intelligibility between speakers and receivers 
into the groups. On the other hand, when the 
background noise level was equal or less than 60dB 
(c), it was possible to generate conversations 
among students into a group with a fair intelligibility 
at a maximum distance of 2 meters (Fig. 5). 

Besides, when students were working in the 
space, without a continuous discussion (d General 
work), the distraction distance rd, appeared into the 
ratio between 3-4 meters and it would be possible 
to maintain an occasional discussion in that area. 
The figure 5, shows a diagram of both background 
noise assumptions (c-d) with the areas of 
intelligibility into the group, indicating that it would 
be more convenient to organize groups of four or 
five students when the noise is higher than 60dB. 
 
 
 

Figure 4:  
STI in relation to distance r/m in sub-group work situation 
with three scenarios of background noise activities. 

 
 
Figure 5:  
Distance of STI fair in sub-group work situation with 
scenarios of background noise activities (c) and (d). 

 
Finally, without noise from activities in the 

instruction learning situation to quiet students (a), 
the STI in all measurement points was higher than 
0.7, and the space complied the intelligibility 
standards at least 6.7 m of distance (Fig. 6). 
Comparing these results with the Fig. 4, it is noted 
that even if a space had an adequate reverberation 
time, when the noise increased, the distance 
between receivers and source had a greater impact 
on the speech intelligibility of students into the 
groups and in the other groups of discussion. 
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Figure 6:  
STI in relation to distance r/m in instruction teaching 
situation to quiet students. 

 
 

4. DISCUSSION 
The main acoustics issues in flexible learning 

spaces are the management of noise from different 
groups of people speaking independently. As a 
result, all these factors significantly increase the 
background noise level, decreasing speech 
intelligibility (Kariippanon et al., 2018). For good 
speech intelligibility, the STI should be between 0.6 
and 1.0, which gives an STI rating of either 'good' or 
'excellent' and the reverberation time should be 
less than 0.6 seconds.  

This study evaluated STI conditions in four 
activity noise scenarios: (a) instruction to quiet 
students (35 dB); (b) sub-group with 4 speakers (68 
dB); (c) sub-group with 2 speakers (60 dB); and (d) 
general work (53 dB). The acoustic conditioning 
requirements are different, because teacher 
instruction should convey the speech to whole class 
in a quiet environment and group or general work 
need to protect speech intelligibility within learning 
group during noisy activities, reducing, at the same 
time, intrusive noise from other groups. 

In this case, based on the simulation of the 
background noise assumption (a) instruction to 
quiet students, the STI results obtained a good 
speech evaluation above 0.7. However, for primary 
students who are developing their speaking and 
listening skills, previous studies have recommended 
reaching an STI equal to or higher than 0.75 
(Mealings, 2016). 

On the other hand, recent studies argued that 
conversational intrusive noise has more detrimental 
effects on message comprehension than other 
types of background noise (Puglisi et al., 2021) and 
it has been reported inside classrooms that the 
noise generated by students is the most annoying 
noise for them (Bluyssen et al., 2018). In the 
background noise assumptions (b, c, and d) with 
noise levels above 53 dB, the impact of the distance 
on the student’s intelligibility was significant 
between 2-4 meters in two noise assumptions (c 
and d). Previous research recommended located 

students into 3 meters of distance for critical 
listening activities (Greenland and Shield, 2011). 

Although the limitation of this study was the 
application of a computer simulation in one space 
to test and compare the differences between two 
possibilities of furniture distribution and learning 
approach. This study, also showed how in a same 
space, the furniture distribution, and the 
background noise as a result of a learning activities, 
challenge the wellbeing of students through the 
comprehension of speech, demonstrating that the 
current acoustic design standards are not enough 
for mitigate the noise distraction between the 
groups of students. Further research about 
spatialized learning practices, the degree of 
flexibility of environments, and acoustic quality are 
required. 

 
5. CONCLUSION 

Nowadays, the new learning modalities require 
flexible spaces in noisy environments that affects 
teachers and students’ performances and challenge 
the acoustic design standards. Although, several 
authors have offered practical solutions from four 
general strategies to reduce noise distraction 
categorized as: Learning management mediated by 
an organizational support, layout of the space, 
movable furniture and absorption solutions on 
ceilings and walls (Oseland, 2018). 

In conclusion, current standards do not allow to 
ensure good speech intelligibility between students 
during group learning activities with noise levels 
above 53 dB. In the future, it is recommended to 
test and define acoustics control and design 
strategies, based on the understanding of the 
acoustics environment within new learning 
environments, and as result, improve the speech 
intelligibility in order to reduce the noise distraction 
generated by conversation during the group 
learning activities. 
 
ACKNOWLEDGEMENTS 

This work was funded by the National Agency 
for Research and Development (ANID) / Scholarship 
program /DOCTORADO NACIONAL 2020-70220191. 
The authors would like to thank the Future Edu 
Space Project, financed by the Innovation Fund for 
Competitiveness (FIC-R), Code BIP 40011072-0 
Generation of Technological Capacities for the 
Construction of State-of-the-Art and Sustainable 
School Educational Spaces from the Biobío Region, 
for the information provided in this study. 

 
REFERENCES  
1. AFMG. (2014). EASE Version 4.4.  
2. Alterator, S. & Deed, C. (2013). Teacher adaptation to 
open learning spaces. Issues in Educational Research, 
23(3): p. 315-330. 

 

3. ANSI (2010). ANSI S12.60. Acoustical performance 
criteria, design requirements, and guidelines for schools. 
American National Standards Institute. 
4. Barnett, P. W. and Knight, R.D. (1995). "The Common 
Intelligibility Scale", Proc. I.O.A. Vol 17, part 7. 
5. Barrett, P., Treves, A., Tigran S., Ambasz D. and 
Ustinova, M. (2019). The impact of school infrastructure 
on learning: A synthesis of the evidence. 
http://dx.doi.org/10.1596/978-1-4648-1378-8 
6. BR15 (2015). Bygningsreglement 2015. Trafik-, Bygge- 
og Boligstyrelsens nyhedsmail. Danmark. 
7. Bluyssen, P. M., Zhang, D., Kurvers, S., Overtoom, M., & 
Ortiz-Sanchez, M. (2018). Self-reported health and 
comfort of school children in 54 classrooms of 21 Dutch 
school buildings. Building and Environment, 138: p.106–
123. https://doi.org/10.1016/j.buildenv.2018.04.032  
8. Cleveland, B., Soccio, P. & Love, P. (2016). Learning 
Environment Evaluation and the Development of School 
Facility Design Guidelines. In Annual Meeting of the 
Australian Association for Research in Education. 
Melbourne, Australia, Nov 27-Dec 1. 
9. Department for Education and Skills (2015). Building 
Bulletin 93 Acoustic Design of Schools BB93. The 
Stationary Office. 
10. Dovey, K. & Fisher, K. (2014). Designing for 
adaptation: The school as socio-spatial assemblage. The 
Journal of Architecture, 19(1): p. 43–63. https://doi.org/ 
10.1080/13602365.2014.882376 
11. DQLS (2020). Designing Quality Learning Spaces – 
Acoustics. New Zealand Ministry of Education. 
12. Geller, R., Rubin I., Nodvin, J., Teague, W. & Frumkin, 
H. (2007). Safe and Healthy School Environments. 
Pediatric Clinics of North America, 54(2): p.351-373. 
https://doi.org/10.1016/j.pcl.2007.01.005. 
13. Greenland, E. and Shield, B. (2011). A survey of 
acoustic conditions in semi-open plan classrooms in the 
United Kingdom. The Journal of the Acoustical Society of 
America, 130(3): p.1399–1410.  
14. International Electrotechnical Commission (2020). IEC 
60268-16: Sound system equipment-Part 16: Objective 
rating of speech intelligibility by speech transmission 
index.  
15. IOA & ANC (2015). Acoustics of Schools: a design 
guide. Institute of Acoustics and the Association of Noise 
Consultants. 
16. Kariippanon, K., Cliff, D., Lancaster, S., Okely, A. & 
Parrish. A. (2018). Perceived interplay between flexible 
learning spaces and teaching, learning and student 
wellbeing. Learning Environments Research, 21(3): p. 
301–320. https://doi.org/10.1007/s10984-017-9254-9 
17. Karjalainen, S., Brännström, J., Christensson, J.,  
Sahlén, B. &  Lyberg-Åhlander, V. (2020). A Pilot Study on 
the Relationship between Primary-School Teachers’ Well-
Being and the Acoustics of their Classrooms. International 
Journal of Environmental Research and Public Health, 
17(6): p.2083. https://doi.org/10.3390/ijerph17062083 
18. Klatte, M., Bergström, K. & Lachmann, T. (2013). Does 
noise affect learning? A short review of noise effects on 
cognitive performance. Frontiers in Psychology, 4: p. 578. 
https://doi.org/10.3389/fpsyg.2013.00578 
19. Mealings, K. (2016). Classroom acoustic conditions: 
Understanding what is suitable through a review of 
national and international standards, recommendations, 

and live classroom measurements. In 2nd Australasian 
Acoustical Societies Conference, ACOUSTICS 2016. 
Brisbane, Australia, Nov 9-11. 
20. MINEDUC (2020). Guía de Criterios de Diseño para 
Proyectos de Ampliación, Reposición y Construcción 
Nueva de Espacios Educativos de Calidad. Ministerio de 
Educación.de Chile 
21. Nair, P., Fielding, R. and Lackney, J.A. (2009). The 
Language of School Design: design patterns for 21st 
century schools. Education Design Architects. 
22. Nair, P. (2011). The Classroom Is Obsolete: It's Time 
for Something New. Education Week. 
23. Oseland, N. (2018) Open Plan Classrooms, Noise & 
Teacher Personality. Workplace Unlimited. 
24. Puglisi, E., Warzybok, A., Astolfi, A. & Kollmeier, B. 
(2021). Effect of reverberation and noise type on speech 
intelligibility in real complex acoustic scenarios. Building 
and Environment, 204. 
https://doi.org/10.1016/j.buildenv.2021.108137 
25. Renkuz-Heinz. (2009). EASE Version 4.3 User’s Guide & 
Tutorial. Available: https://www.afmg.eu/en/ease-4-
tutorial. 
26. Rindel, J. H. (2010). Verbal communication and noise 
in eating establishments. Applied Acoustics, 71(12): 
p.1156–1161. 
https://doi.org/10.1016/j.apacoust.2010.07.005 
27. Robinson, A. and Bellert, A. (2019). Co-teaching in 
(refurbished) flexible learning spaces: Promoting quality 
acoustics for learning and collaboration. In Sound 
Decisions: Moving Forward with Acoustics. Australia, 
Victoria, Nov 10-13. 
28. Sarantopoulos, G., Lykoudis, S., & Kassomenos, P. 
(2014). Noise levels in primary schools of medium sized 
city in Greece. The Science of the Total Environment, p. 
482–483, 493–500. 
29. Shield, B., Conetta, R., Dockrell, J., Connolly, D., Cox, 
T., & Mydlarz, C. (2015). A survey of acoustic conditions 
and noise levels in secondary school classrooms in 
England. The Journal of the Acoustical Society of America, 
137(1): p. 177–188.  
30. Shield, B. and Dockrell, J. (2003). The Effects of Noise 
on Children at School: A Review. Journal Building 
Acoustics, 10(2): p. 97-116. 
https://doi.org/10.1260/135101003768965960. 
31. Shield, B. and Dockrell, J. (2006). Acoustical barriers in 
classrooms: the impact of noise on performance in the 
classroom. British Educational Research Journal, 32(3): 
p.509-525. https://doi.org/10.1080/01411920600635494 
32. Shield, B. and Dockrell, J. (2008). The effects of 
environmental and classroom noise on the academic 
attainments of primary school children. The Journal of the 
Acoustical Society of America, 123(1): p.133–144. 
33. Shield, B., Greenland, E. & Dockrell, J. (2010). Noise in 
open plan classrooms in primary schools: a review. Noise 
& Health, 12 (49): p. 225-34. 
34. Vijapur, D., Candido, C., Göcer, Ö. & Wyver, S. (2021). 
A Ten-Year Review of Primary School Flexible Learning 
Environments: Interior Design and IEQ Performance. 
Buildings, 11(5): 183.  
https://doi.org/10.3390/buildings11050183 



W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

616 617

20TH PARALLEL SESSION / ONSITE

DAY 02
10:15 — 11:45

CHAIR
ULRIKE PASSE

PAPERS
1671 / 1371 / 1396 / 1268

SUSTAINABLE ARCHITECTURAL DESIGN



SUSTAIN
ABLE URBAN

 DEVELO
PM

EN
T

SUSTAIN
ABLE URBAN

 DEVELO
PM

EN
T

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

618 619

PLEA SANTIAGO 2022 
Wil l  C i ti es  Surv iv e?  

 

Strategies for a 2050-ready project in an urban environment 
Thus, avoiding social inequalities 

 

 
 
ABSTRACT: The research is related to a mixed-use, low-rise, energy-plus construction project proposed within the 
back lands of a large town in the Republic of Ireland. The overall premise of the project and the research is to 
investigate the potential for such developments to optimise energy use, support local microgrids and promote in 
society, a culture of understanding, attuned to the resource limits within which we need to operate. The project 
therefore reflects a central theme of the PLEA 2022 conference which is to question how our cities and towns 
might thrive, were we to recreate the way we inhabit and use them. The project is specific to the temperate 
climate of Northern Europe which reflects moderate heating demand in winter with potential overheating in 
summer subject to design considerations of ventilation and orientation of glazed facades. It has been found that 
PV optimisation combined with the maximum self-use on site of such renewable electricity, combined with 
batteries and heat pumps, form the basis of an optimum strategy for such inner town sites.  
KEYWORDS: Mixed -use, Community Energy, Urban regeneration, PH, nZEB   
 

1. INTRODUCTION  
We replace approximately 1% of our buildings 

per annum across Europe. By 2050 therefore, 70% 
of our building stock will still consist of buildings 
which currently exist. Various strategies have been 
set in place to address the energy shortcomings of 
these buildings and render them fit for the carbon 
zero society envisaged then. This paper and the 
background research concerns itself with the 
strategies necessary to define the other 30% of 
buildings to be constructed now, and which need to 
reflect an optimum strategy toward 2050. The 
subtext of the paper therefore is that by careful 
selection of the energy strategies for this 30% of 
new buildings we might avoid greater social 
inequality across urban environments. Specifically, 
the paper is concerned with the context of Irish 
towns and villages.   

Towns and cities can gather regions together, 
lend phenomenological meaning to the lives of their 
citizens and reflect the identity of a nation. The 
etymology of ‘city’ derives from the Latin root 
‘civitas’, which means ‘citizenship’. The expression 
‘citizen’ itself is an Anglo-French word dating from 
the 14th century, (fem. citeseine), meaning an 
inhabitant of a city or town. Being a citizen within 
Europe is therefore linked inextricably also with 
urban living. Ireland, by way of contrast to mainland 
Europe, has lacked the more traditional pattern of 
European urban city living, and it is mainly smaller 
towns and villages, which constitute our urban 
centres. Part of this reflects Ireland’s unique 
position within Europe, for having experienced 800 

years of continual colonisation, prior to achieving 
independence in 1922. 

Throughout much of the 19th and 20th centuries 
Ireland remained culturally and economically a 
deeply rural society with isolated homesteads 
grouped in clusters around local towns. The notable 
growth of the Irish economy since the 1980’s has 
paralleled a sustained movement toward living in 
urban areas, usually in the form of suburban sprawl 
across both residential and commercial 
development. The main street has suffered as a 
result, socially, economically, and physically. 

Indeed, it has remained an open question as to 
whether the facades and monuments of our towns 
and cities are those of a colonial power or are they 
authentically Irish? [1]. In the 20th century the 
independence afforded by the motor car allowed 
the emergence of a ‘bungalow-bliss’ society which 
combined a feeling of modernity with the freedom 
of rural living. Our towns and villages have been left 
to lie fallow.  The cultural and energy relevance of 
this now is inherent to the challenge of making 
these very same towns and villages attractive places 
for low carbon living. An energy rich urban 
environment can help to address social inequality, 
conversely a lack of access to modern and 
affordable energy can contribute to chronic and 
persistent poverty. The case study is offered as a 
potential methodology to alleviate social inequality. 
 
2. A STRATEGY TO NOWHERE 

70% is a dominant figure in Irish residential 
statistics. 70% of the Irish population are now 
considered to be urban dwellers. Of our occupied 
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dwellings, the semi-detached typology, (28%) and 
the larger detached single-family home, (42%) 
together constitute 70% of our residential stock, 
and 70% of that stock was built prior to 2000.  

It is no surprise therefore that residential 
heating represents 61% of the energy demand for 
our building stock, and so to significantly reduce 
this energy profile, and reduce carbon emissions, 
one million of our 1.7 million occupied houses, 
(200,000 additional units are unoccupied), will need 
retrofitting. The Government has set a strategy of 
tackling 500,000 houses by 2030, which represents 
the renovation of 170 houses per day, every day, 
for the next eight years, while at the same time 
continuing to fulfil the normal construction needs of 
any moderately functional economy.  
2.1 Heat pumps and power grid solution 

The overriding methodology settled upon by 
statutory regulations, to reduce GHG emissions, is 
to reduce energy demand through better 
construction standards, and provide the energy 
needed from zero carbon sources, predominantly 
the electrical power grid. Ireland is fortunate in 
being located within the maritime temperate 
climate of Northern Europe requiring only 
moderate winter heating and suffers little by way of 
summer overheating. However, this may well 
change in the years ahead, as the summer of 2022 
has indicated, no region is immune to climate 
devastation. 

It is estimated that the power grid will need to 
expand by somewhere between 28% to 43% by 
2030, to meet heating, transport, and data centre 
requirements. With policy targets of 900,000 
electric cars on the road and 600,000 domestic heat 
pumps installed, the potential catastrophe of a 
power system failure is a reality.  

Transitions are always difficult, and as the 
electrical power system transitions toward zero 
emissions, carbon gas will become a critical and 
expensive transition fuel. The latter part of 2021 
witnessed gas price increases, in the wholesale 
market of 250% and this, before Russia’s 2022 
invasion of Ukraine. In Ireland one of the main 
energy providers in the marketplace has advised 
that as of March 2022, gas bills will increase by 39% 
while electricity, which in unitary terms is four 
times more expensive already, will increase by 27%. 
In such circumstances the poor will suffer. 

 
2.2 Fuel Poverty       

Across Europe 16% of the overall population 
suffered from ‘fuel poverty’ even before the start of 
the European war. (Fuel poverty being a term 
commonly understood to reflect a household which 
needs to use more than 10% of its disposable 
income to maintain a reasonable comfort level 

within the home). In Ireland fuel poverty is believed 
to affect almost 26% of the population, with 
significant numbers of these households living in 
urban environments. Such fuel poverty represents 
the sharp end of social inequalities, and this paper 
is engaged with understanding how by adequately 
addressing new 2050-ready urban development we 
may address social equality and establish a strategy 
for prioritising our retrofit programmes. 

To prepare our buildings for a zero-carbon 
future, two main strategies of energy reduction are 
envisaged. New buildings are required to be 
constructed to a nearly zero energy building (nZEB) 
standard, while the renovation of existing buildings 
must also meet nZEB standards where 25% of their 
enclosing fabric is to be replaced, (the latter 
requirement being framed within a catch-all phrase 
of ‘affordability’). Overall retrofitting of our existing 
residential buildings is intended to achieve a 
minimum building energy rating (BER) of B2, which 
has been identified as being cost-optimal; 
optimality being a driving force, despite our 
government declaring a climate emergency. 
2.3 The shortfall of cost optimality 

The cost optimality principle is defined as the 
‘the energy performance level which leads to the 
lowest cost during the estimated economic lifecycle’ 
[2]. The difficulty of this definition is that the 
‘economic lifecycle’ is open to significant 
fluctuations depending on discount rates, the 
economic period considered, and the cost centres 
considered. Effectively, what is cost optimal can 
really be an expression of a political or economic 
viewpoint. The effect of this is either to constitute a 
shortened viewpoint and curtail ambition by 
overvaluing the present costs of sustainability, or 
accept that there is an intergenerational 
responsibility, which demands the adaptation of a 
longer-term perspective.    

The priorities expressed by these two economic 
viewpoints constitute either an economic view that 
is traditionally neo-classical, and which frames a 
sustainable future as one that can only be achieved 
through economic growth within a competitive 
marketplace; or a second viewpoint which 
effectively jettisons economic growth as a measure 
of societal success and focuses on equity, 
eradicating poverty, encouraging resource 
conservation, and accepting ecological limits and a 
circularity of economy. 

Because the fundamental difference between 
the two viewpoints is one of temporal perspective 
then this is also reflected in their attitude to future 
values and the interpretation of those in the 
present, all effectively achieved through 
‘discounting’. This a theme also referenced by 
Krznaric in his recent book, The Good Ancestor [3] 
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which warns against overvaluing present actions or 
events or services He quotes Frank Ramsey, 
generally regarded as the father of discounting, 
who commented in 1928 that the discounting of the 
welfare of future generations was ‘ethically 
indefensible and arises merely from the weakness of 
the imagination’. Perhaps a more pragmatic 
viewpoint is that of Newell & Paterson, (1998) who 
noted that ‘it is generally only those environmental 
initiatives that do not threaten the interests and 
routines of industrial capitalism that succeed’. [4] 

What is clear is that from an economic 
perspective, the one which favours cost optimality 
alone will only ever identify the best lowest cost 
initiatives. By way of contrast, a Life Cycle Analysis 
(LCA) which provides a weighted framework 
approach incorporating life cycle environmental and 
cost indicators will assess the impact of building 
production, construction type and materials, 
operational use and end-of-life implications, across 
all of the building’s life span [5]. This creates the 
opportunity to create environmental solutions that 
mean something in the longer perspective. The case 
study project goes one step further with a view to 
creating ‘an energy somewhere’. 

 
3. A STRATEGY TO SOMEWHERE 
How then to proceed? When we reach beyond the 
restrictions of cost optimality it becomes possible to 
create a richer three-dimensional view of where we 
want to be from a sustainable point of view. In 
‘Blueprint for a Sustainable Economy’ [6], the value 
of the environment in its broadest sense, is the 
primary concern. This requires us to expand our 
considerations across an extended timescale taking 
a view of equity across generations similar to, the 
tradition of ‘Seventh-Generational Thinking’ [7]. 
 
Figure 1: Design view of development, (south facing). 

 
Such considerations would naturally extent also 

toward our built heritage and the need to take care 
of our cities, towns and villages which are 
themselves a cultural and social asset and given our 
carbon budgets effectively a non-renewable 
resource of embodied carbon. It is in this context 

that the strategies for the case study project are 
set. The added benefit of the case study project is 
its setting within an urban environment, facilitating 
an easy form of low carbon living and allowing 
people to be able to walk and cycle predominantly, 
and when necessary, share a car to get around. The 
project therefore reflects a central theme of the 
PLEA 2022 conference which is to question and 
formulate how our urban environments might 
thrive toward 2050. 

 
4. A 2050-READY PROJECT 

The project underlying the research consists of a 
mixed-use, low-rise development of three campus-
style buildings (492m2), located on a 600m2 back-
lands urban site, located within an Irish town. 

The overall premise of the project and the 
research is to investigate the potential for such 
developments to optimise local energy use, support 
local microgrids and promote in society, a culture of 
understanding, attuned to the resource limits 
within which we need to operate. The research also 
aims to answer one specific question which is to 
assess whether the current nZEB energy standard as 
practiced in Ireland is an adequate methodology for 
addressing the urgent need to reduce our GHG 
emissions, meet our 2050 requirements and in 
parallel protect against social inequalities.  

 
Figure 2: Ground floor plan of development.  

 

 
 
The validity of the question and the context for its 
consideration lies within the myriad of emerging 
climate challenges such as impending time 
constraints, resources allocation, social inequalities, 
fuel poverty and the overriding issue of the future 
electrical capacity of our power grid.  
        None of these issues can be addressed 
adequately on their own, but together they 
constitute the compelling challenge of this 
generation. 
4.1 PH or nZEB      

The project is designed to PH standards of 
energy conservation. In Ireland the nZEB standard, 

 

which is also the regulatory standard, is primarily an 
asset rating methodology and lacks the 
cohesiveness of the PHPP design software which is 
also flexible across different residential and 
commercial uses.  

By way of contrast, the nearly Zero Energy 
Building (nZEB) strategy in Ireland which controls 
energy use and carbon emissions related to 
buildings, categorises buildings as either dwellings 
or non-dwellings and uses two different proprietary 
softwares to predict their energy use. These are the 
‘Domestic Energy Assessment Procedure’ (DEAP) 
and the ‘Non-Domestic Energy Assessment 
Procedure’ (NEAP). These softwares are not 
intended to act as design tools, but rather are 
intended to act as compliance portals to ensure 
basic energy and carbon emissions reduction and 
therefore also as a statistically dependable asset 
rating for the national building stock [8]. In an urban 
environment where 2050-ready buildings would 
benefit, from a flexibility of either commercial or 
residential occupation, this strategy may not be 
optimal, nor conducive to ease of policy 
implementation nor future use flexibility.  

This paper is therefore concerned with 
investigating the energy challenges, benefits, and 
implications, that might flow from the creation of 
an urban energy rating which combines aspects of 
both DEAP and NEAP in a format that supports a 
flexibility of subsequent use and reuse. The validity 
of the approach derives from the common typology 
of inner town and village buildings, which 
historically have been two to three stories in height 
incorporating a mixture of uses and social 
interactions. As the challenge of economically 
renewing and decarbonising our towns and villages 
becomes more acute, energy policy will need to 
recognise the inherent flexible characteristics and 
scale of these urban buildings, and the innate need 
for urban life to be able to modify and alter them, 
as our social and societal needs require. 

Currently the DEAP predictive software for 
residential use and NEAP, the predictive software 
for commercial use, occupy very different but 
parallel energy assessment spheres. Linking these 
to create an energy profile for small multi-use 
buildings (250m2 or less), seems beneficial if we are 
to create urban buildings with real use and design 
flexibility. Such research is particularly needed to 
rebalance the cost optimality orientation of the 
current nZEB standard software, which reflects only 
limited occupancy and heating periods within 
dwellings, supports moderate levels of fabric 
performance only, incorporates incomplete energy 
use profiles, (no plug loads), inadequate indoor air 
quality (IAQ) assessment, poor site climate data, 

and therefore also reflects no real assessment of 
future overheating potentialities. 

 
4.2 Designed for a future flexibility of use        

In the case study, all buildings exhibit a flexibility 
of use through their sectional designs. (Fig 4). The 
west building (Block 1), (consisting of units 1 and 2), 
exhibits use flexibility through its sectional design, 
allowing any one of six different use configurations 
across its lifetime. The energy implications of 
achieving and measuring this ‘long life, loose fit, low 
energy’ flexibility is one significant aspect of the 
research ongoing. The case study is intended both 
as a research model but also as a commercially 
viable development which can structure a financial 
way forward, identify the direct benefits of 
improved performance, calibrate the support costs, 
and establish the financial supports that such 
developments may require in the short term, either 
as green finance, loans, or grants. 
 
4.3 Fabric first and airtightness.      

The project is designed to passive house (PH) 
standards of fabric which reflects the first strategy 
for all new 2050-ready construction projects. Hand 
in hand with exemplary u-values must be increased 
air tightness. which becomes significant as the u-
values of low energy buildings are improved and 
thermal bridges eliminated. The nZEB standard 
lacks this concern for air tightness and therefore by 
necessity has to rely on Part F (Ventilation) of the 
Building Regulations to ensure compliance with 
same. Unlike the PH standard, it reflects no 
connection to a standard which has been 
considered from the beginnings as a design based 
unified whole. 
Figure 3: Sectional design (block 1) to allow six different 
options for building use, across residential office and retail 
use. 
 

 
 
4.4 Decarbonised heat        

The successful implementation of energy 
transition strategies is an enormous challenge from 
both a householder perspective and a societal 
perspective. Preliminary research metrics from the 
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case study would suggest that fabric is the first 
energy when it comes to new constructions. Thiers 
& Peuportier (2012) examined the environmental 
life cycle impact of retrofitting passive house and 
multi-family social housing building to net-zero 
source energy building using 12 environmental 
indicators [9]. The authors discovered that no 
heating system solution was the optimum choice 
for each of the 12 environmental indicators 
evaluated, but that fabric performance was 
benficial across eight of them. The way forward 
therefore is one of a holistic approach with inbuilt 
potentiality for optimisation. Given recent events, 
Covid, Russia, the Ukraine, it is clear that in a period 
of rising energy costs ‘passive’ solutions trump 
‘active’ solutions every time. Heat pumps are only 
as efficient as the space they are heating.  

 
4.5 Optimum PV  

In the past the environmental impact of the Irish 
electricity grid was found to play a significant role in 
determining the hierarchy of retrofit packages 
when examined as to cost optimality and pay back. 
The recent events referenced have changed all of 
this. A significant portion of the case study currently 
in hand is to understand the role of PV within the 
overall energy system. The concept of system is 
critical as there are many variables which can affect 
the cost-optimal results including: discount rates 
energy prices, insulation thicknesses, building 
orientation, and intended building lifespan. these 
are the new system limits.  
 
4.6 Life cycle costing analysis  
       These are also the terms and metrics of life 
cycle costing analysis, and they give a clearer view 
as to the real cost optimality of new constructions. 
Buildings and construction in the EU accounts for 
50% of all extracted materials, 30% of water 
consumption and 33% of generated waste [10].  
Figure 4: View of development from north-east. 

 
 
Because of the importance of selecting 

appropriate sustainable materials, the use of Life 
Cycle Assessment (LCA) in building design is now 
critical. France, the Netherlands, and Finland have 
all committed to LCA becoming mandatory in 
building design. Germany and Austria have 

introduced semi-mandatory requirements for 
building LCA. 

LCA is also closely aligned with emerging EU 
issues of Environmental, Social and Governance 
(ESG), which are beginning to form a significant 
context within which construction investment 
decisions are made, based on future implications 
for energy efficiency, worker safety, and 
administrative independence. In such a way an 
improved nZEB standard, in line with PH protocols, 
could become an intentionally influential standard 
      
5. PROJECT CONCLUSION 

Geographical locations are climatically unique 
and therefore the energy strategies for particular 
countries are unique. As the literature makes clear 
the rolling out of nZEB as an EU standard has 
reflected this need to overcome significant climate 
disparity across member states, north and south.  

However, what is common to all countries, is the 
need for renewable energy generation, and the 
necessary political will to bring forward policies to 
support local generation. It is inevitable that the 
climate emergency will bring fundamental change 
to the way we do business, however in resisting 
such change and by aligning with market values, the 
nZEB implementation in Ireland has become a 
victim of the prevailing economic and political 
culture that legislates downward, and allows the 
marketplace to verify the validity of policy direction 
and determine the breath of its vision.  

This is regrettable and it is in this respect that 
the nZEB legislation in Ireland is in 2021, 
questionable as to its fitness for purpose. It 
establishes no more than an asset value for 
buildings and creates a technological ‘solution’ for 
low energy buildings derived from what the market 
can sustain. However, as the literature review 
indicates the resulting energy use of nZEB buildings 
has proven difficult to predict, data has been 
misleading and buildings represent potentially a 
greater misuse of resources, beyond any acceptable 
notion of optimality. It thus creates an ideal 
scenario for widening inequalities as resources are 
loss and finances eroded. It is clear from the 
literature review also, that a market driven 
economy by its nature can only define a problem by 
the parameters of its own value system. In the 
context of an ‘emergency’, a market response 
focused on access to energy, cost, technology, and 
a lack of perceived value in community and manual 
labour will inevitably fail to respond cogently.  
 
5.1 The need to go beyond nZEB 
      That there is an urgent need to proceed beyond 
current nZEB cost optimality metrics and limiting 
energy boundaries to a more socially equitable 

 

solution is emphasised by the emerging metrics of 
the case study the hall marks of which are 
encapsulated in the Figure 5 below: 
 
Figure 5: Formatting optimal low-energy building(s) to 
support the realisation of communal energy. 
 

 
 

The case study sits within these aspirations of 
balance, just as it sits also within the limitations of 
the nZEB strategy as currently formulated and 
legislated for. However, the case study data 
indicates that a broader leadership nZEB standard 
would create a greater equality and optimality of 
energy use between supplier and user. In one sense 
this relationship between supplier and user is 
already happening through the roll out of smart 
metering which allows real time engagement 
between the energy user and the local supply grids. 

However, what PH delivers is a predictable 
energy performance which allows PV to be sized 
optimally. This is important in the context of the 
case study since allowing multiple potential uses 
(domestic and non-domestic), across the buildings 
requires also a well performing and predictable 
fabric. In table 1 below utilising benchmark nZEB 
metrics creates significant deviations in energy use 
where different building uses are intended. This can 
severely limit the commercial flexibility of the 
development project. 

  
Table 1: A comparison of the predictive energy use across 
all units reflecting a two potential end uses. The monthly 
energy use can vary by over 500% depending of end uses. 

 

 
 
             It is recommended that all research studies 
should have a burning question, one that remains 
kindled when the winds of despair blow. The 
burning question of this study is why are we 
building to construction standards with such 

relatively poor fabric performance, and limited by 
cost optimality strictures, when the capability exists 
within the industry to do more, and a climate 
change emergency has been pronounced 
worldwide?  Addressing this question is absolutely 
necessary if we are to avoid built-in social 
inequalities within our 2050 aspirations and if our 
urban communities are to survive and prosper. 
       By addressing whether this changed 
relationship is conducive to aligning energy and 
social policy, the project also reflects a central 
theme of the PLEA 2022 conference, which is 
to question whether energy-equality and social-
equality can be aligned in a world of diminishing 
resources, commercial imbalances, and 
technological driven solutions. 
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Effect of neighbourhood density on energy consumption  
A comparative study of two inner-urban neighbourhoods in Des Moines  
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ABSTRACT: Unprecedented efforts to cut greenhouse gas (GHG) emissions show an urgent need to avoid the 
detrimental impact of climatic change, such as urban overheating. While different sources account for sizable 
GHG emissions, US residential building energy consumption accounts for about 50% of CO2 emissions. Therefore, 
residential buildings provide a significant potential to reduce energy use and thus emissions. Many 
neighbourhood characteristics, such as residents’ income level, the average age of residents, education, etc., 
influence energy use. This study focused on the effect of neighbourhood density on energy consumption by 
comparing two existing neighbourhoods with different densities in Des Moines, Iowa, USA. Using the urban 
modelling interface (UMI), annual heating and cooling energy use were estimated for the two neighbourhoods 
using two metrics including Energy Use Intensity (EUI), and population density. The results showed in air-
conditioned buildings, considering trees, annual cooling and heating loads in the high-density neighbourhood 
will be 26.93% and 48.49% lower than the low-density neighbourhood. The sensitivity analysis results also 
indicated trees around buildings and air conditioning systems influence building energy consumption. The 
findings of this study implied increasing housing density in urban neighbourhoods can open more land for urban 
green spaces, which could mitigate urban overheating. 
KEYWORDS: Urban Density, Neighbourhood, Energy Consumption, UMI, Residential  
 
 

1. INTRODUCTION  
During recent decades, cities throughout the 

world have aimed to decrease energy consumption. 
Yet, according to the Energy Information 
Administration (EIA), global energy consumption in 
buildings will grow an average of 1.3% per year 
from 2018 to 2050 (Hojjati, 2019). The primary 
consequence of increasing energy consumption is 
soaring greenhouse gas (GHG) emissions, a major 
cause of the changing climate, contributing to 
exacerbating negative consequences, such as urban 
overheating. A report published by the Organization 
for Economic Co-operation and Development 
(OECD) indicates that GHG emissions will increase 
50% by 2050, if the current global policies on 
mitigating climate change remain unchanged 
(OECD, 2010). Therefore, policymakers need to 
know urgently what changes to the current policies 
will be the most effective. Deliberate intervention 
by policymakers requires an understanding of how 
to best update policies to effectively mitigate GHG 
emissions and develop cities to be more resilient to 
upcoming climate change. One way to inform 
policymakers is to investigate the major sources of 
GHG emissions. While different sources account for 
sizable portions of GHG emissions, residential 
buildings within the U.S account for about 50% of 
the CO2 emissions (Knowles, 2008). 

Reducing energy consumption in this sector will 
significantly mitigate GHG emissions. This 

opportunity has prompted this study into the effect 
of neighbourhood density on energy consumption 
to develop a customized guidance for local 
policymakers regarding neighbourhood design. 
Many studies have explored the relationship 
between energy consumption and density on both a 
global and an urban scale.   

One study that specifically investigated energy 
consumption on a global scale is Güneralp et al. 
(2017). They used top-down and bottom-up 
approaches and scenarios to investigate the 
relationship between future urban densities and 
energy use under different urbanization scenarios. 
They found that while increased urban density can 
effectively decrease energy consumption, the 
amount of decrease varies in terms of geographical 
location on a global scale.  

In a similar study, Mostafavi et al. (2021) 
focused on the effect of urban density on energy 
consumption in the USA. They also confirmed that 
the importance of urban density differs for 
metropolitan cities in the USA. Their study was 
based on US Geological Survey’s National Land 
Cover Dataset (U.S. Geological Survey, 2018) and 
the US Census. They explored a correlation between 
urban density and energy use intensity (EUI) using 
frequentist and Bayesian statistics.  

Yet, while the role of urban density on energy 
consumption is undeniable, only a limited number 
of publications are concerned with the complex 

 

interaction of urban density and microclimate 
created by the building stock in a neighbourhood. 
Ma et.al (2022), Mauree et al. (2019) showed 
microclimates created through the interaction of 
urban landscape features, such as buildings or the 
existence of trees, can influence urban energy 
consumption. This was another motivation to 
include a localized weather data instead of a typical 
meteorological year (TMY) weather data for the 
whole city to obtain more realistic results. The 
current study fills this gap by including interaction 
among buildings and microclimate conditions for 
clusters of buildings. To accomplish this, the current 
study used the urban modelling interface (UMI) 
(Urban Modelling Interface | MIT Sustainable 
Design Lab, n.d.), which can consider high-
resolution localized climate conditions (Reinhart et 
al., 2013). Mindali et al. (2004) argued that a true 
understanding of energy consumption requires 
investigations at various types of density (e.g., inner 
area density, employment density). Therefore, it is 
important to provide a clear definition for density 
and scale of study. Density can be defined in a 
variety of categories including indoor density, 
parcel density, residential neighbourhood density, 
citywide density (Angel et al., 2020). Based on a 
definition from Eldridge (1984) on the scale of a 
neighbourhood, density can be defined as equation 
1: 

 (1) 

 
 

Unfortunately, no standard exists what to 
include as residential land and what to exclude in 
defining the total area of the neighbourhood. This 
means researchers should specify their criteria for 
excluding or including non-residential parts of 
neighbourhoods in density analysis. (Forsyth, 2003). 

 
1.1 Study area 

This study is a part of a larger study that focuses 
on developing an innovative approach for the 
integration of social and biophysical models for 
urban and urban-adjacent food-energy-water (F-E-
W) systems. Therefore, the study areas were 
selected to complement the main research project 
to assess the effect of land-use change patterns on 
energy consumption. The neighbourhoods 
investigated and compared in this study are two 
neighbourhoods located in Des Moines, IA, USA. 
(Figure 1). The first neighbourhood is Capitol East, 
where the majority housing type is single-family. 
The reason for selecting this neighbourhood is a 
tendency from residents and city planners to 
revitalize housing in this area. Housing in Capitol 
East is older and in great need for improvements 

since most of the buildings in this neighbourhood 
were built around the early 1900s (City of Des 
Moines GIS Data City of Des Moines GIS Data, n.d.), 
(Alcivar et al., 2014). 
 
Figure 1: 
Location of the two study areas. source: author 

 
In this study, only residential buildings were 
included. 
 
Table 1: 
Comparison of density in two study areas 

 
Neighborhood Total 

population 
Total gross 

area 
Density 

Sherman Hill 6533 4218m2 1.54 
Capitol East 754 2149m2 0.35 

 
As this study aims to assess the effect of 

neighbourhood density on energy consumption, we 
used a second neighbourhood to compare two 
neighbourhoods with different densities but similar 
overall area sizes. The second neighbourhood was 
Sherman Hill, which is four miles further west from 
the Capitol East. The reason to select the second 
neighbourhood for comparison is their similar areas 
and their different densities. In Sherman Hill 82 
percent of buildings have more than one unit 
(Neighbourhood 10-Year Plan – Sherman Hill, 2017). 
The different building types in the second 
neighbourhood indicate it to be denser compared 
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to the first neighbourhood. Because of limitations in 
data availability, we focused on a group of buildings 
in each neighbourhood. Table 1 compares the 
density of the two areas based on Equation 1. Table 
1 indicates that Sherman Hill is four times denser 
than Capitol East. Table 2 compares two groups of 
buildings selected in the two neighbourhoods. As 
shown in Table 2, for the same number of buildings, 
buildings in Sherman Hill are taller. The total gross 
area shows the total area of the sum of all areas on 
all floors of a building. As the total gross area of 
buildings in Sherman Hill is larger than Capitol East, 
Sherman Hill accommodates more residents in the 
same number of buildings compared to Capitol East. 
 
Table 2: 
Comparison of two groups of buildings in each 
neighborhood 

 
Neighborhood Total 

gross 
area 

Mean 
height 

Number of 
buildings 

Sherman Hill 32513m2 23.7 feet 86 

Capitol East 9334 m2 15 feet 90 
 
1.2 Data collection 

This study uses four main datasets. The first 
dataset includes building information such as 
building footprint, height, heating- ventilation- air 
conditioning (HVAC) system, and buildings’ material 
acquired from the Des Moines Assessor office. The 
second dataset is a full tree inventory (e.g., shape 
and size of their canopies, trunk height, species, 
height, location). The third dataset includes five 
weather data: typical meteorological year (TMY3), 
measured weather data for 2017, future weather 
data with high, low, and medium GHG emissions 
impact. The fourth dataset is the 2009 Residential 
Energy Consumption Survey (RECS) from the U.S. 
Energy Information Administration (EIA) 
(Residential Energy Consumption Survey (RECS) - 
Energy Information Administration, 2016) is a 
representative sample of housing units and acts as a 
reference to assess the reasonability of energy 
consumption estimation for the study areas. 
 
2. METHODOLOGY 
2.1 Methodological framework 

As described before, this study is a subsection of 
a larger research project. The process of developing 
the 3D model is described in the previous 
publication (Hashemi et al., 2018). The main 
platform for running simulations is Urban Modelling 
Interface 3.0 (umi), which can efficiently 
accommodate a large volume of buildings in 
simulations. This study follows a sensitivity analysis 
to provide a systematic approach to identify how 

variation in input parameters such as weather data, 
buildings material, air conditioning system, trees, 
and most importantly, neighbourhood density 
affects the output of the energy consumption 
estimation model. Figure 2 shows the 
methodological framework developed for this 
study. First, in the Capitol East neighbourhood, 
buildings were sorted into two main groups: 
buildings with air conditioning systems (AC) and 
naturally ventilated buildings (NV). 
 
Figure 2: 
Methodological framework developed for this study 

 
 

Based on the data received from the Assessor 
office (County Assessor - Polk County Iowa, n.d.), 
NV buildings were constructed with eight material 
assemblies, and AC buildings were built with six 
material assembly types. Therefore, eight scenarios 
based on constructional materials were defined for 
NV buildings, and six scenarios were defined for AC 
buildings. To assess the most energy efficient 
material assembly type, we assumed all buildings 
have one of the materials defined in the scenarios 
for AC and NV buildings for each simulation. 
Comparing the results of all scenarios, the most 
energy efficient material were selected and 
assigned to all the buildings as a fixed parameter. 
The next step was to assess the effect of density on 
energy consumption under five different scenarios 
in terms of the weather files noted in the previous 
section. To investigate the importance of trees, we 
presented the results with and without 
consideration of trees. This study considered the 

 

effect of population, height, and building type. 
Therefore, the results are presented based on two 
metrics: square meter and population density.   

 
2.2 Validation:  

The 2009 RECS dataset from the West North 
Central Census Division was used to evaluate the 
model Based on RECS dataset. Based on RECS 
survey, annual gas consumption for space heating in 
Iowa (EUI) is 56.78 kWh, and annual heating load 
based on the simulation results in Capitol East is 
80.14 kWh/m2, and Sherman Hill is 41.28 kWh/m2. 
The comparison of results of this study with the 
RECS dataset confirms the results of this study are 
in a reasonable range. 

 
3. RESULTS 

As discussed in the methodology section, the 
first step of the sensitivity analysis was to 
determine the most energy-efficient material for 
facade, partitions, roof, and ground for all buildings. 
Table 3 shows the most energy efficient material 
assemblies for the buildings based on umi inputs. By 
assigning these materials to all the buildings in both 
study areas, we can consider buildings’ material as a 
fixed parameter. Sensitivity analysis helps to find 
the controlling role of each parameter towards the 
final results. Table 4 shows effectiveness level of 
different material assembly on annual energy 
consumption per meter square.   
 
Table 3: 
Assessment of the most energy efficient material 
assembly based on UMI results 

 
Material Thickness 

Facade 
Hardwood_680kgm3 0.013 

Oriental_Strand_brd_OSB 0.013 
Hardwood_680kgm3 0.013 

Polystyrene_extryded_30kgm3 0.05 
Fibreglass_batts_15kgm3 0.065 

Gypsum_Plaster_brd 0.013 
Partition 

Gypsum_Plaster_brd 0.012 
Plywood_wood_pamels 0.012 

Fiber glass_battle_15kgm3 0.05 
Gypsum_plaster_brd 0.012 
Softwood_496kgm3 0.025 

Roof 
Asphalt Shingle 0.02 

Plywood_wood_panels 0.02 

Fiberglass_batts_15kgm3 0.15 
Softwood_496 kgm3 0.04 
Gypsum_plaster_brd 0.013 

Ground 
concrete_reinforced-2400kgm3 0.8 

Gypsum_plaster_brd 0.013 

Table 4: 
Comparison of standard deviation (STD) and mean of 
heating/cooling (kwh/m2) consumption for different 
materials to identify their level of importance in Capitol 
East based on umi results. 

 
weather 

file  
AC/NV Heating- 

Cooling 
STD Mean  

TMY3 NV Heating 143.73 3232 
AC Heating 129.05 3323 

Cooling 18.82 773 
H- future NV Heating 224.79 2748 

AC Heating 79.94 2684 
Cooling 15.92 1284 

L- future NV Heating 84.50 2889 
AC Heating 165.12 2722 

Cooling 112.87 1185 
M- future NV Heating 74.77 2711 

AC Heating 88.82 2711 
Cooling 40.21 1260 

Real 2017 NV Heating 129.20 3079 
AC Heating 123.65 3086 

Cooling 13.80 713 
 

Table 5 shows the percentage of difference in 
energy consumption in the high-dense 
neighbourhood compared to the low-dense 
neighbourhood in two metrics. In table 5 and 6 the 
following abbreviations were used. 1: without trees, 
2: with trees, W1: TMY 3, W2: high impact GHG 
emissions (H- Future), W3: low impact GHG 
emissions (L-Future), W4: medium impact GHG 
emissions (M- Future), W5: Real 1027, H; Heating, 
C: Cooling. 
 
Table 5: 
Comparison of percentage of difference in annual heating 
and cooling load in Sherman Hill in compare with Capitol 
East, Metric: kWh/m2 

 
 W1 W2 W3 W4 W5 

1 NV H 49.90 52.99 53.01 53.56 51.32 
AC H 50.30 53.33 52.66 51.76 52.25 

C 26.81 28.60 27.22 29.09 26.65 
2 NV H 47.14 48.22 50.62 51.14 51.37 

AC H 48.49 50.60 48.82 51.94 50.68 
C 26.93 29.45 37.48 30.52 29.77 

 
Table 6: 
Comparison of percentage of difference in annual heating 
and cooling load in Sherman Hill in compare with Capitol 
East, Metric: kWh/capita 

 
 W1 W2 W3 W4 W5 

1 NV H 53.75 56.60 56.62 57.13 55.06 
AC H 54.11 56.91 56.29 55.47 55.92 

C 32.43 34.08 32.81 34.53 32.29 
2 NV H 51.20 52.20 54.41 54.90 55.11 

AC H 52.44 54.40 52.75 55.63 54.47 
C 32.54 34.87 42.28 35.86 35.1 
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Table 7: 
Comparing the effect of different weather files on annual 
heating and cooling load in two study areas without 
considering trees. In table 7 the following abbreviations 
were used. 1: Capitol East, 2: Sherman Hill, W2: H- Future, 
W3: L-Future, W4: M- Future 

 
 W2 W3 W4 W5 

1 NV H -19.32 -13.25 -17.76 -7.89 
AC H -19.45 -12.03 -19.50 -6.63 

C 59.90 42.47 57.81 -9.91 
2 NV H -24.30 -18.64 -23.78 -10.49 

AC H -24.37 -16.21 -21.87 -10.30 
C 57.07 34.39 51.97 -9.34 

 
4. DISCUSSION 

The result of this study is presented using two 
metrics: per person (total energy consumption of 
neighbourhood divided by population of the study 
area), per meter square (total energy consumption 
of neighbourhood divided by gross area of the 
neighbourhood). 
Two neighbourhood models were developed in umi 
to conduct a simulation-based sensitivity analysis 
using weather files and materials as additional 
variables, to assess the effect of density on energy 
performance in the selected neighbourhoods. 
Simulations were performed using the five weather 
files: typical meteorological year (TMY3), measured 
weather data for 2017, future weather data with 
high- low and medium emissions impact. Noticeably 
lower energy consumption was confirmed in the 
umi model for annual cooling and heating energy 
use in the high-dense neighbourhood for all 
scenarios.  

Table 4 shows the calculated mean and standard 
deviation for a variety of material assemblies 
present in the neighbourhoods for all the scenarios. 
As standard deviation is not further from mean, 
changing materials have no significant role in the 
overall trend for annual heating and cooling load. 
Therefore, the existing materials have no significant 
impact on the energy performance of both 
neighbourhoods.  

Sherman Hill is four times denser than Capitol 
East, as described in the introduction. We expected 
less energy consumption for the high dense 
neighbourhood based on the literature review. 
Detailed results will be discussed separate for air-
conditioned buildings and naturally ventilated 
building in the next section. 

 
4.1 Air-conditioned buildings 

Heating loads in air-conditioned buildings in the 
high-dense neighbourhood, under all five weather 
files on average were 55.74 percent lower than the 
low-dense neighbourhood (per person). Cooling 
load in the high-dense neighbourhood were on 

average 32.23 percent lower than the low-dense 
neighbourhood. Including the effects of trees, 
heating and cooling load will on average be 53.94 
and 36.14 percent lower. Considering trees as a 
parameter shows the importance of trees in 
minimizing the effect of the urban heat island. 

 
4.2 Naturally ventilated buildings  

Similarly, for naturally ventilated buildings, the 
heating load is lower on average by 55.83 percent 
on for all scenarios. Including the effects of trees 
will result in 53.56 percent less energy 
consumption. 

 
4.3 Effect of different weather files on energy 
consumption 

Table 7 compares results of simulations for 
TMY3 weather file with the other weather files 
including measured weather data for 2017, future 
weather data with high- low and medium emissions 
impact. The results show considering the future 
effects of greenhouse emissions will lower down 
heating load and level up the cooling load.  Results 
confirmed importance of considering the effect of 
urban heat island (UHI) on energy consumption. In a 
related study conducted by author (Ghiasi et al., in 
press) a similar result for effect of UHI on energy 
consumption could be observed. It worth to 
mention that for both metrics the effect of different 
weather files were the same.  

As we discussed, single family houses show 
more energy consumption in comparison with 
multifamily houses. The other additional 
parameters which were added to this analysis 
showed how other parameters affect energy use 
which can be used as a guideline for urban 
designers to lower down the effect of GHG 
emissions.   

 
5.CONCLUSION 

This paper followed a comparative sensitivity 
analysis to evaluate the impacts of neighbourhood 
density on building energy performance under five 
different weather data files. We analysed energy 
use for 86 buildings in two neighbourhoods which 
differed in terms of number of units in each 
building. The results were presented in two metrics: 
per capita, and per meter square. The percentage of 
difference for the two metrics was the same. 
Although more residents inhabit high-density 
neighbourhood, energy use for heating and cooling 
is lower for all metrics used. Our results suggested 
that to cope with upcoming climate change; one of 
the potential solutions for lowering GHG emissions 
could be to design denser neighbourhoods. While 
this can currently only be recommended for this 
location, future studies should also include a variety 

 

of climates to assess the impact different climates 
have energy use for neighbourhoods with varying 
densities. 
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ABSTRACT: How will cities survive? Worldwide, climate change has a rising impact on summer temperatures. This 
study contributes to the search of how to design future neighborhoods adapted to summer heat in peri-urban 
areas, as an alternative to individual housing. It researches the link between urban morphology and microclimate 
of Mediterranean grouped individual holiday housing in hot summer conditions. In order to do so, it combines 
architectural and engineering methods and analyses. The first ones consider multi-level typo-morphological 
analyses through re-drawing, the second ones consider multi-level on-site measures, bridging street spaces, 
intermediate outdoor courtyard spaces and indoor spaces. A first level of analysis links the street and the 
intermediate outdoor courtyard spaces, but no clear connection was observed. A second level of analysis links the 
intermediate outdoor and indoor spaces. The case study is holiday housing on the French Mediterranean coast, 
built in the ’60s. Several of those ‘60s developments are considered precursors of bioclimatic architecture. The 
multi-level analyses allow to detect, quantify and under-build passive design strategies for hot summer conditions: 
courtyards can function as thermal buffers, but only when covered or when combined with wind accessibility and 
vegetation; partially buried walls’ tempering effect leads to quasi-constant temperatures. 
KEYWORDS: temperate Mediterranean climate, courtyard, grouped individual holiday housing, passive design  
strategies 

 
 

1. INTRODUCTION 
Climate change has a rising impact on 

temperatures worldwide. On the one hand, a 
phenomenon of Mediterranean sprawl is notified in 
France, towards the North and inlands: the 
“Mediterraneanization” of the French climate 
(DRIAS, 2020). On the other hand, the 
Mediterranean basin turns out to be a hot-spot of 
global warming, and even more so during summer 
months (Cramer et al., 2018). Predictions mention 
more and longer heat waves for the coming decades 
(Moussa et al., 2020). Hence the interest in studying 
summer conditions in Mediterranean areas. 
 

This study researches the link between urban 
morphology and microclimate in Mediterranean 
grouped individual holiday housing in hot summer 
conditions. In order to do so, it combines 
architectural and engineering methods and analyses. 

Kropf (Kropf, 2014) elaborated a framework for 
typo-morphological analyses. This method covers 
different scale-levels, going from urban tissue 
(neighbourhood), to streets and plots, to buildings 
and materials. The framework also shows the 
“network of voids”, linking voids on different scales: 
street spaces, intermediate outdoor areas between 
buildings and streets (courtyards), and indoor 
rooms. These three voids, and their link to urban 
microclimate, are the focus of this research. 
 

There’s a link between urban morphology, urban 
microclimate and energy use (Adolphe, 2001; 
Taleghani et al., 2015). In literature, different 
methods are deployed to study this link. Mostly used 
are software simulations (Ratti et al., 2003), but 
others use morphologic and geometric indicators 
and equations (Adolphe, 2001) or on-site measures 
(Zakhour, 2015). Many of these studies focus on 
what is known as “urban canyons”, or a symmetrical 
section of a certain length in city centres. However, 
Ali-Toudert studies irregularities in the urban 
canyon, or the effect of asymmetry, galleries, 
overhanging facades and vegetation on thermal 
comfort (through simulations) (Ali-Toudert & Mayer, 
2007). This article also tackles irregularities in the 
urban canyon, in the shape of intermediate 
courtyards between the street and the building, 
(through on-site measures). 

 
On street level, impacting parameters on comfort 

are openness to the sky, urban porosity and wind, 
orientation, building envelope, green and water (Ali-
Toudert, 2007). On courtyard level, the question is 
raised whether those intermediate courtyards have 
a thermal buffer effect, like traditional courtyards or 
covered courtyards in the centre of the building (Diz-
Mellado et al., 2021), and how they affect indoor 
comfort? 

The hypothesis is that there are locations in the 
morphologies that are more or less cool and 

 

comfortable, and that these differences have an 
impact on the courtyard spaces and the interior 
spaces of the house.  

 
Former research demonstrated that this holiday 

housings is a fundamentally different morphology 
than a traditional urban downtown morphology 
(Sansen et al., 2021). The buildings only have a 
ground or first floor and are often separated from 
the street by a courtyard. In addition, the buildings 
are less compact than in a city center and there is 
more vegetation. So there are several passive design 
strategies typical to these neighborhoods that 
contribute to coolness: uphill building, tree 
vegetation, courtyards, covered courtyards, partially 
underground spaces (Sansen, 2021). On-site 
measures allow to quantify and under-build those 
passive design strategies in summer conditions.  
 
2. CASE STUDY PRESENTATION 

The case study is called the Merlier. It’s grouped 
individual holiday housing in Ramatuelle, France (43° 
11’ 44’’N 6° 39’ 56’’E), and was built in the ’60 by the 

Atelier de Montrouge (Fig.1). It was developed 
especially for hot summer conditions, and several of 
those ‘60s holiday developments are considered 
precursors of bioclimatic architecture (Bartoli, 2020). 
The Village is located 30 m from the Mediterranean 
Sea at an altitude from 19 to 50 m (on a 23% slope).  

Within the Köppen-Geiger classification, the 
village has a Csa climate: temperate Mediterranean 
with hot dry summers and mild humid winters. Table 
1 gives an idea of typical mid-season and summer 
conditions, with data from the nearby Météo-France 
weather station in Cap Camarat. During summer 
months, mean temperatures around 24°C are 
current, although they reached 37,3°C in 2021. The 
main wind directions are NE and SW. Almost half of 
the time (51,6%) wind speed is less than 1,4m/s, and 
only 5% of the time, wind speed is higher than 4,4 
m/s. Within the context of global heating, 
temperature rise in the case study village could reach 
2,4 °C in 2100. This simulation is based on the 
moderate RCP 4,5 scenario of the last IPCC report 
(IPCC, 2021) and the data of the DRIAS portal

Figure 1:  
Re-drawing of the case-study the Merlier in Ramatuelle, France  

 
Note: Street level: Numbers 6 to 10: six strategic spots for on-site measures in the street.  
House level: Outdoor sensors are in the street (S), the courtyard (C) and the covered courtyard (CC). Indoor sensors are in 
the adjoining spaces: laundry (L), bedroom (B); and in the hallway (H). Source of the upper left photo: (Blain, 2008, p.149)  
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Table 1:  
Historical and mean mid-season/summer temperatures 

Météo-France weather station in Cap Camarat 
T (°C) MAY JUN JUL AUG SEP 

Max hist. 32 34,9 36,9 37,3 33,4 
Min hist. 4,8 9 13 11,8 9 
Mean 17,3 20,9 24,1 24,4 21,2 

 
3. METHODS 
3.1 Re-drawing 

The case-study was re-drawn using Archicad 
software, based on cadaster plans, original 
architects’ plans and aerial pictures (Fig.1). On-site 
fieldwork completed this information.  
 
3.2 Multi-level on-site measures  

The on-site measures were organized on three 
levels: first a thermal walk in the morphology, 
looking for cool spots in order to narrow down the 
research area; then street measures in order to 
characterize the street’s microclimate; and finally, 
house measures in the courtyards and indoor in 
order to study the courtyard microclimate and the 
indoor connection. Compared to typical mean 
temperatures (Table1), the days of the in-situ 
measures were warmer and rather windy (Table2). 

 
The technical equipment consists of a measuring 

unit connected to three digital temperature and 
humidity sensors, and to an  anemometer  (Table3).  
 
Table 2:  
Météo-France’s values during on-site measures 

Météo-France 
 

Tmax 
(°C) 

Tmin 
(°C) 

Tmean 
(°C) 

Wind 
mean 
(m/s) 

Morphology 
07/07/2020 

31,2 21,5 26,3 4,0 

Street 
08/07/2020 

29,4 22,8 25,6 3,9 

H2-Day1 25,8 21,6 22,9 5,8 
H2-Day2 24,8 21,3 22,6 6,0 
H2-Day3 27,8 21,0 23,9 4,7 
H5-Day4 
18-23/06/21 

27,0 20,6 23,4 5,2 

 
Table 3: 
Technical information of the measuring equipment 

Sensor Varia 
ble Accuracy Range Reso 

lution 
Almemo 

D6 
Dry 
bulb 

Temp 
RH 

± 0,3 K 
 

±1.8 %HR 
 

-20 to 
80 °C 

0-
100% 

0,01 K 
 

0,1 
%hr 

FVA 615-2 Wind ±0,5 m/s 0,5-50 
m/s 

0,1 
m/s 

HD403TS 
DeltaOHM 

Air 
Speed 

±0,2 m/s 0,1-5 
m/s 

- 

For the street level measures, the lot is mounted on 
a geometer’s tripod with a wooden wedge, which 
allows to fix the sensors at different heights. At the 
courtyard and house level, the technical equipment 
is doubled, and a hot wire sensor is added to detect 
indoor air movement (natural nocturnal ventilation).   
 

On morphology level, a first analysis of 
morphologic and geometric indicators gave 
indications of areas with a strong potential of being 
cool in summertime (Sansen et al., 2021). Added to 
this, a thermal walk, wandering and exploring with a 
sensor at 1m (mean value of 30 seconds), allowed to 
detect, verify and confirm the neighborhood’s “cool 
spots”.  Based on this information, a “cool street” 
was selected. The height of 1m above ground nears 
the human-biometeorologically significant height, or 
“the average height of a standing person’s centre of 
gravity in Europe” (=1,1m) (Matzarakis et al., 1999). 
 

On street level, a thermal profile was made in the 
“cool street”, one day in summertime. Martin-Vide 
(Martin-Vide et al., 2003) makes itinerant thermal 
profiles, but on an urban scale and while moving by 
car. This approach is adapted to the scale of the 
village, doing semi-itinerant measures by foot: 
temperature, humidity and mean air speed are 
monitored every 5 minutes, on three different 
heights (h = 0,45m; 1m and 1,65m) and on six 
strategic spots (Fig.1). Those are selected concerning 
different street sections (H/W) and orientations, tree 
vegetation, topography and connection to 
courtyards. Results in this article only discuss the 
values of the sensor at 1m, since additional 
information of the other sensors is not relevant for 
this part of the research.  

 
Finally, two houses were selected on the “cool 

street” (H2 and H5 in Fig.1). H2 is uphill, H5 downhill, 
and both of them have a partially underground 
ground floor. Both of them also have a courtyard (C) 
(H/W = 0,85 and 0,31) and a covered courtyard (CC) 
on the South side, in a lateral way and not in the 
center of the house. The courtyard of H2 is 
surrounded by walls. The courtyard of H5 is closed 
off by a parapet of 1m and vegetation. In addition, it 
is suspended with regards to the street. This kind of 
suspended courtyard in front of the house, 
characterized by a parapet and vegetation is 
common in surrounding traditional villages, like 
Gassin and Ramatuelle. On-site measures of 
temperature, humidity and mean air speed were 
taken simultaneously outdoors and indoors during 
four days, monitoring values every 15 minutes, at 1m 
above ground. The first three days monitored H2, the 
last day H5. The outdoor sensors are in the street, 

 

the courtyard and the covered courtyard; the indoor 
sensors are in the adjoining spaces (laundry and 
bedroom) and in the hallway, which is disconnected 
from the outdoor spaces and has an underground 
wall in the back (Fig.1).  
 

Outdoor and indoor comfort are evaluated 
through Givoni’s diagram. Although the diagram is 
essentially used for indoor comfort, it is considered 
precise enough and practical for architectural use 
(Fernandez & Lavigne, 2009), meaning it is a visually 
clear way to evaluate and compare the on-site 
measures.  

In addition, the thermal gap (TG) between the 
outdoor temperature and the courtyard’s 
microclimate is analyzed. TG is defined as the 
temperature difference between the maximum 
outdoor temperature (MOT) and the courtyard 
temperature (CT) (Diz-Mellado et al., 2021). MOT is 
monitored in the NS street for H2; EW street for H5.  
 
3. RESULTS 

On morphology level, the thermal walk detected 
cool spots. The coolest spots are in the shadow of a 
tree (7-2), a bush (next to 10), a building, a narrow 
street or a covered courtyard (next to 9). Within the 
same street, only a couple of steps away, 
temperature differences rise up to 8°C (between 
sunny 10 and a green and shady bush nearby 10). 
There’s a difference of 2,1°C between the covered 
courtyard next to 9 and 9 in the shaded NS street. 
The selected “cool street” is oriented NS. It’s a 
narrow street made of stairs, leading from a square 
downhill to a green area uphill. The street is 
surrounded by houses with one or two levels. 

 
On street level, the results show a microclimate 

with impressive temperature differences, under the 
influence of S and SW winds, since early SE winds 
almost don’t enter the street (Fig.2). Spot 7-2 stays 
under Météo-France’s temperatures all day. It’s an 
uphill spot, on the fringe of the village, touching the 
green area, like spot 7. They both are very windy (0,4 
to 1,8 m/s). Spot 10 on the contrary, stays far above 
Météo-France temperatures all day. All measures in 
the EW street on the bottom of the hill (6 and 10), 
are not very accessible to wind (0 to 0,5 m/s). Sun 
heats up EW streets for a longer time than NS 
streets. Uphill 9 is between 0,6°C and 7,5 °C cooler 
than downhill 6. Uphill and green 7-2 is between 0,1 
and 6,9 °C cooler than downhill 6.  

All measures of uphill spots touching the green 
area (7, 7-2), are entirely within Givoni’s comfort 
zone corresponding to the wind speed (Fig.3). All 
measures in the EW street on the bottom of the hill 
(6, 10), are out of Givoni’s comfort zone. Spots 8 and 
9 are partly in Givoni’s comfort zone.  

Figure 2:  
Thermal profile of the cool street. Black arrows: Météo-
France’s wind direction. Black suns: sensor in the sun 

 
 
Figure 3:  
Givoni’s comfort diagram with the cool street measures 

 
 
Table 4:  
TG: the temperature difference between MOT and CT 

 TG (°C) Day1 Day 2 Day3 Day4 
H2 Courtyard 1 -0,4 0,5  
 Covered 6,6 1,3 6,5  
H5 Courtyard 

Covered 
   3,6 

6,7 
 

On courtyard level, H2’s courtyard measures are 
warmer than the NS street most of the time (up to 
8°C!), even though they’re slightly cooler than the 
MOT on days 1 and 3 (Table4). This means the 
courtyard functions like a hot spot, compared to the 
street, and certainly not like a cool spot. On the 
contrary, H5’s TG between the courtyard and the EW 
street temperature is 3,6°C (Table4). Overall, it’s 
cooler in the courtyard than in the street (Fig.4) 
indicating that it functions as a thermal buffer. 
Different from H2’s courtyard, H5’s has a 1m parapet 
and a suspended position, making it accessible to 
wind. Vegetation protects it from solar radiation. 
These lateral courtyards depend on their suspended 
position, vegetation and accessibility to wind to have 
a thermal buffer effect.  

The TG between the CCs and the outdoor 
temperature is higher and goes up to 6,7 °C (Table4 
and Fig.4), since they’re protected from the sun most 
of the time. It is interesting to notice that the CC’s 
temperature is lower than Météo-France’s data 
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during the day, and higher at night (Fig.4). The TG is 
1,2 °C, meaning the CC has a cooling effect. At night, 
heat that was stored in the concrete construction 
during the day is released and blocked under the 
cantilever, so the CC cools less down than the street 
and Météo-France’s measuring station.  

Givoni’s comfort diagram (Fig.5) confirms a 
majority of courtyard measures outside of the 
comfort zone; and a majority of CC measures within 
the comfort zone. Discomfort is caused by high 
humidity. Both houses’ ground floors are partially 
buried in the slope, explaining the high humidity. 
H5’s more comfortable and less humid than H2.  
  
 Concerning the indoor measures (Fig.6 and 7), 
the laundry (adjoining the CC) is warmer than the 
other rooms, during the day and at night, because it 
has two exterior walls in contact with the outdoor 
environment. The hallway stands out because its 
temperatures are quasi-constant, between 22 and 
24°C. Thanks to the underground wall in the back 
and the tempering effect of earth, there’s almost no 
outdoor influence.  
 
4. DISCUSSION & CONCLUSION 

Finally, when looking at the network of voids 
(Table5) and the link between street space and 
courtyard space, no clear connection is observed. 
The comfortable top-of-the-slope situation didn’t 
create comfort in H2’s courtyard. The uncomfortable 
situation downhill on the EW street, didn’t create a 
discomfort in H5’s courtyard. On the contrary. 
Uncomfortably high EW street temperatures make 
H5’s humidity drop and comfort increase. 
 

The link between the outdoor courtyard and 
indoor space is observable though. H5’s indoor 
spaces are more comfortable, thanks to a well 
ventilated and more shaded courtyard (maximum 
temperature 30,4°C), that functions as a buffer zone 
between the street and the house. H2’s indoor space 
is less comfortable and very humid. Its courtyard is 
less ventilated and temperatures rise up to 36,6°C. 
 
Table 5:  
Comfort overview: the network of voids 

Comfort (%) 

Street  House Outdoor House Indoor 
H2 

7-2 
7 
9 

 

100 
100 
71,4 
 

 
 

C 
CC 

 
 
2,2 
17,2 

 
H 
B 
L 

 
2,4 
7,6 
10,7 

8 57 H5 
 

10 
6 

 
0 
0 

 
C 

CC 

 
22,9 
54,5 

H 
B 
L 

46,5 
45,8 
36,8 

 

Figure 4:  
Outdoor measure results of day 4 in H5  
Arrows: TG between MOT and CT; between MOT and CCT; 
between maximum Météo-France temperature and CCT 

 
 
Figure 5:  
Givoni’s comfort diagram with the outdoor measures of H5 

 
 
Figure 6:  
Indoor measure results of day 4 in H5 

 
 
Figure 7:  
Givoni’s comfort diagram with the indoor measures of H5 
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H5’s TG of 3,6 °C is comparable to the TG found 
in a courtyard study in Cordoba, Spain (between 2,5 
and 8,4°C) (Diz-Mellado et al., 2021). Although 
Cordoba also has a Mediterranean climate, the study 
was conducted in more extreme summer conditions 
(maximum outdoor temperature of 37°C, compared 
to 27,8°C in this research). The studied courtyards 
are located in the center of the building, and they are 
less elongated (H/W = 0,81 and 0,87; compared to 
H/W = 0,85 and 0,31 in this study). They are less 
accessible to the sun. This research accentuates the 
importance of wind accessibility in temperate 
Mediterranean climate, in lateral courtyards. They 
sure knew what they were doing in nearby 
traditional villages, where planted suspended 
courtyards are thriving, and courtyards between the 
street and the building are rare. It also confirms the 
positive effect of covered courtyards in outdoor 
comfort (TG between 1,3 and 6,6 for H2, 6,7 °C for 
H5), compared to Diz-Mellado’s values (up to 15,4°C) 
for a courtyard covered with textile (Diz-Mellado et 
al., 2021).  

 
So going back to the initial question “how will 

cities survive?”, this research claims that courtyards 
can function as thermal buffers in temperate 
Mediterranean climate, but only when covered, or 
when combined with wind accessibility and 
vegetation. In addition, courtyard microclimate is 
not the only passive design strategy affecting indoor 
comfort here. The partially buried walls in the slope 
and the tempering effect of earth lead to quasi-
constant temperatures and contribute much more. 
Although humidity becomes an issue when houses 
are partially embedded or buried, the cooling 
potential is huge.  
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ABSTRACT: HVAC proliferation has had a lasting effect on architecture, forcing buildings to comply with the 
infrastructural and newly acquired physiological requirements. This paper sheds light on the sustainable and 
ecological design inspirations that pre-HVAC modernism can offer. The study critiques the exclusion of Global 
South modernist architecture from the sustainability movement– often overlooking their concern for passive 
means of ventilation for the sake of reductionist and orientalist understandings of vernacular examples. It does 
so by investigating Egyptian modernist architecture and theories. Through a structured thematic analysis of 
Egyptian Modernist Sayed Karim’s (1911-2005) work, the paper proposes a more integrated, holistic, and critical 
understanding of the many meanings of “sustainable architecture.” This research portrays this by examining 
evidence of sustainable design principles in the architect’s work, emphasizing passive environmental control 
strategies. In addition to the critical sustainability lessons extracted from the modern Egyptian residential 
buildings, the qualitative analysis of archival documents highlights that social and economic dimensions of 
sustainable development are key themes that guided the architect’s design thinking. The analysis presented 
opens a new venue for how today’s sustainable architecture movement can benefit from Global South 
modernism, taking passive ventilation strategies as precedent. 
KEYWORDS: Modernism, Passive, Ventilation, Sustainability, Sayed Karim 
 
 

1. INTRODUCTION  
In the sustainability discourse, modernist 

architecture is often blamed for the generation and 
perpetuation of irresponsible practices that 
negatively contribute to the environment. 
Vandevyere and Heynen argue that “the […] 
discourse should be conceived as a […] revised 
version of the paradigm of modernism” altogether, 
instead of pitting them against each other [1]. They 
recommend that modernism should not be 
conflated with technocratic paradigms and that 
sustainability should avoid searching for a “singular 
optimal technological pathway” [2]. Despite 
ongoing efforts by academics and practitioners to 
deconstruct current notions of sustainability, 
sustainability is yet to integrate the rich 
contributions of modernism.  
 A point of contention in the history of 
modernism is the proliferation of heating, 
ventilation, and air conditioning (HVAC). HVAC 
proliferation has had a lasting effect on 
architecture, forcing buildings to comply with the 
infrastructural and newly acquired physiological 
requirements. This paper sheds new light on the 
sustainable and ecological design inspirations that 
pre-HVAC modernism can offer. It does so by 

investigating Egyptian modernist architecture and 
theories. The study critiques the exclusion of Global 
South modernist architecture from the 
sustainability movement– often overlooking their 
concern for passive means of ventilation for the 
sake of reductionist and orientalist understandings 
of vernacular examples. Through a structured 
thematic analysis of Egyptian Modernist Sayed 
Karim’s (1911-2005) key works, the paper proposes 
an integrated, holistic, and critical understanding of 
the many meanings of “sustainable architecture” 
that can benefit our academic discourse and current 
design practices. Passive environmental control 
strategies and socio-economic considerations of the 
end-users are explored and explained to build on 
the existing literature that calls for incorporating 
international modernism with sustainable theories. 
 
2. BACKGROUND AND THEORETICAL APPROACH 
The integral role of sustainability in architectural 
academe, practice, and research is a testament to 
its close connection to history, natural science, 
culture, politics, and capital [2-4]. It is natural to 
expect that sustainability will continue to play a 
pivotal role, especially with the imperative risks of 
the Anthropocene. In order to advance sustainable 

 

architecture, Owen and Dovey propose to position 
“both sustainability and architecture as social 
practice” [4]. This would represent the natural 
transition expected from the sustainability 
discourse, as the scope of practice and theory 
gradually increased as the transition from “green” 
to “eco-” to “sustainable” took place [5]. Guy and 
Framer contest the positivist assumptions 
underpinning sustainable architecture practice and 
research and urge adopting a social constructivist 
perspective instead. Jarzombek even explains that 
the concept of sustainable architecture itself has a 
lot to learn, as it has not yet successfully replaced 
the socio-political parameters it counters [2, 6]. 
Despite the emergence of modernism before the 
establishment of modern sustainable design theory, 
sustainability, both ideals share foundational ethos. 
 Modernism and sustainability are not 
mutually exclusive but are highly compatible in 
different respects. When technology and 
sustainability are brought up, we consider the 
vernacular a nobler precedent than modernism [7]. 
Harlow et al. showcased how the sustainability 
discourse history is intertwined with utopian 
themes, almost congruent with utopian themes of 
modernist architects and thinkers [8]. As such, 
modernism can be inferred to be intrinsically 
sustainable and intellectually concerned with the 
betterment of human lives through the built 
environment, including environmental and 
ecological scopes understood today through 
sustainability. Therefore, it is anachronistic to 
disregard modernist architecture in the current 
sustainability discourse for failing to adhere to 
contemporary practices and objectives.  
 Modernism can be construed as the 
enabler of mechanical ventilation. However, Barber 
explains in Modern Architecture and Climate [9] 
that HVAC successfully hijacked the modernist 
movement since its commercial inception in the 
1930s. Barber’s book exhibits the sensitive design 
consideration of Le Corbusier and other architects 
to environmental control by examining the detailed 
drawings of their buildings. Through the work of 
Olgyay and the marketing of HVAC, occupational 
expectations and building requirements changed to 
accommodate the newly founded necessity of air 
conditioning. Air conditioning, not modernism, 
relieved architects from the constraints of passive 
ventilation requirements and allowed for thinner 
building shells and skins [10]. 
 To reconsider modernism’s place in 
sustainability, it is advisable to reassess the 
reductionist and romantic notions that embody 
vernacular architecture. Lara suggests that 
modernism can be made vernacular, explaining 
through his study of modernist Brazilian 

architecture that modernism should not be 
conceived as the opposite of the vernacular, but 
both are instead in a dialectical relationship [11]. 
Such emerging scholarship on vernacular 
architecture deconstructs the boundaries and strict 
connotations attached to modernism when 
considering the sustainability discourse, especially 
after reconsidering how HVAC came to take hold of 
our building practices. It is, therefore, necessary to 
work towards “Sustainable Modernism” through 
the adoption of modernism’s legacy and “accepting 
that there is continuity between the desire to be 
modern and the imperative to be sustainable” [12]. 
 Published literature rarely studied or 
reflected pre-HVAC modernist buildings of Egypt 
from an ecological lens. Specifically, and to the best 
of the authors’ knowledge, no previous research 
has studied how modernist Egyptian buildings and 
architects have addressed contemporary 
sustainability concerns: the environmental, social, 
economic, and cultural dimensions. 
 
3. METHODOLOGY  

The selected paradigm of the research is 
shared with Vandevyvere & Heynen, which is the 
epistemological stance on a modern architecture 
that presumes the environmental, ecological, social, 
and technical stances of modernism as part and 
parcel of sustainability [1]. A combined research 
strategy was used to describe, explore, and explain 
pre-HVAC Egyptian modernist architecture, to 
develop current theoretical arguments pertaining to 
modernism’s place in sustainability. The first 
research strategy entailed an interpretive-historical 
analysis of the modernist architecture precedents 
studied to evaluate the relevance of its design 
decisions to sustainability in a qualitative manner 
and to identify a standardized design theme to be 
explored across the formative building components 
identified. Inspired by Lara’s work on Brazilian 
modernism, the second research step is a formal 
analysis of the design objectives and tools 
employed in the formative examples identified. 
 For this research, the work of Egyptian 
architect Sayed Kareem was selected since it falls 
within the pre-HVAC category proposed by Ashour 
[13]. Sayed Karim produced many architectural 
works, but he was also an influential figure in the 
architectural field. He voiced his opinions and 
concerns over the city’s future in his magazine 
(Al’Imara), his book Ishtirakyat Al Villa, and 
numerous newspaper articles. The selected works 
mostly fall before the proliferation of HVAC in 
Egypt, and where drawings, writing and 
architectural texts are available for analysis.  
Sayed Karim’s archive, which is housed at the 
American University in Cairo’s (AUC) Library, was 
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used to collect data. The documents used for the 
analysis included the drawings for the selected 
buildings and Karim’s writings. Additionally, 
architecture journals and magazines were used to 
trace the social production of space in time. These 
provide an essential source for this contextual 
dimension, showcased by El-Ashmouni’s 
examination of Alam Al Benaa [14]. Relevant issues 
of Al’Imara magazine, which showcased and 
analyzed Karim’s works, were used as a secondary 
source.  
 In order to assess Karim’s sustainable 
design principles, the criteria of selection were 
confined to residential buildings designed between 
1945 and 1960, well beyond the emergence of 
HVAC as a viable climatic control solution for 
residential architecture in Egypt. Therefore, the 
following buildings were selected for analysis: El 
Maadi Building (circa 1945); Al Goheni Building, 
Heliopolis (1948); Zamalek Tower (1953); and 
Housing Model 10, Nasr City (1959). 
 
Figure 1:  
El Maadi building, AUC RAC. 

 
  
Figure 2:  
El Goheni building, Al’Imara Magazine. 

 
 
Figure 3:  
Zamalek tower, Al’Imara Magazine. 

 
 
Figure 4:  
Housing Model 10, AUC RAC. 

 
 
 
3.1 Data Analysis 
 The investigation involved critically 
assessing the drawings of the buildings while 
exploring Karim’s writings in Al’Imara magazine. The 
data was derived from the architect’s archives and 
secondary sources. Based on the historical 
interpretation of Karim’s archival material, solar 
shading and natural ventilation were identified as 
the most prominent design concerns considered in 
his writings (and, by extension, his designs). Given 
the research’s premise that HVAC diluted 
environmental and sustainability concerns in 
modern architecture, natural ventilation was 
chosen to be the theme for the formal analysis of 
the four buildings. 
 The formal analysis of the design 
drawings and sketches investigated the 
manifestation of natural ventilation concerns in the 
architectural and experiential designs of the 
buildings. Similar to Lara’s analysis of local Brazilian 
modernist examples, several iterations of graphical 
analyses and exercises were conducted, with the 
primary objective of identifying and explaining the 

 

ventilation techniques employed. It is important to 
note that the intent was not to identify design 
patterns but to explore the nuances of Karim’s 
ventilation strategies employed in the selected 
buildings. 
 In exploring passive ventilation 
strategies, the initial analysis highlighted the 
importance of cross ventilation in the four 
buildings. As such, the detailed formal analysis 
focuses on identifying and describing passive 
ventilation design in the typical floor plan. The 
North and prevailing wind directions were identified 
for each building before cross-ventilation paths 
were studied based on the inlet-outlet pressure 
difference. 
 
4. FINDINGS AND IMPLICATIONS 

The formal analysis conducted on the 
four buildings showcased a variety of design 
approaches to cross ventilation. While the analysis 
of each building reveals a different degree of 
concern for ensuring adequate cross ventilation for 
all units, it is clear that massing and fenestration 
were made use of in all selected buildings to include 
an inlet and an outlet—even in spaces that do not 
enjoy more than one orientation. 
 It is difficult to identify a specific design 
pattern across the four buildings regarding 
ventilation (and more generally towards 
environmental control). Instead, each design is a 
unique response to the specific site restrictions, 
programmatic needs, and the dynamic socio-
political forces of the period. The buildings revealed 
different design priorities given to functional, 
environmental, socio-cultural, and aesthetic 
motivations. A case in point is the difference 
between Al Goheni building and Zamalek tower, 
where the former showcases careful attention to 
create cross-ventilation in six out of eight non-wet 
rooms and spaces, even at the cost of larger areas. 
On the other hand, Zamalek Tower, designed to be 
a monumental example of modern living for Cairo’s 
elite, gave more importance to maximizing utility 
and views than ensuring cross ventilation. Zamalek 
tower’s floor plan reveals several unaddressed 
opportunities for creating cross ventilation (such as 
creating a staggered form or adding fenestration to 
walls inclined at angles larger than 90 degrees) 
highlighting the aesthetic and socio-economic 
concerns of the design. The tower’s powerful and 
solid eastern façade is a primary reason for limiting 
cross ventilation to only five out of the floor plan’s 
thirteen non-wet rooms. 
 
Figure 5:  
El Goheni building’s cross-ventilation analysis. 

 
 
Figure 6:  
Zamalek tower’s cross ventilation analysis. 

 
For El Maadi building, a much more straightforward 
design approach was adopted. Characterized by an 
open floor plan, the duplex apartments' lower 
floors have large living spaces that stretch across 
two orientations. Since the top floor plans and 
sections are missing from the floor plan, it is 
difficult to predict if cross ventilation was designed 
for the bedrooms. 
 
Figure 7:  
El Maadi building’s cross-ventilation analysis. 
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Housing Model 10, the latest building out 

of the four, is an excellent example of Karim’s 
socialist ideals for post-revolution Egypt. The floor 
plan available at the AUC archive, shown in figure 8, 
is a draft of the building’s “forgotten floor,” a 
signature trademark of Karim’s mixed-use housing 
[15]. The forgotten floor houses office buildings on 
the first floor, while the rest of the buildings are 
dedicated to apartments. Many of the extruding 
columns create wings that would lead to a pressure 
difference, therefore greatly enhancing stack effect, 
either by design or by accident. 

 
Figure 8:  
Housing Model 10’s cross-ventilation analysis. 

 
 

Given the striking differences in cross 
ventilation strategies explored through the formal 
analysis, it is evident that natural ventilation was 
one of Sayed Karim's many sustainable design 
concerns. The analysis of ventilation design 
elements and configurations indicates that natural 
ventilation was a necessary element, even if not 
present in all rooms, in pre-HVAC residential 
architecture. The variety of design approaches 
described exemplifying how natural ventilation was 
integrated with other design concerns, sometimes 
taking precedent and other times curtailed for more 
pressing design intentions. 
 
5. DISCUSSION 
 The results lead to an understanding of 
modernist architecture that is aligned with 
Vandevyvere & Heynen’s stance on the parallels 
between modernism and contemporary sustainable 
development values [1]. The formal analysis, along 
with Karim’s writings, shed light on Egyptian 
modernism’s thoughtful integration of 
sustainability, indicating that there is indeed a 
philosophical common ground between modernism 
and sustainability [16]. 
 Studying passive environmental control 
methods can help us recognize that sustainability is 
an academic construct, one that can be limiting and 
anachronistic [6, 16]. Sustainable design and 

research can benefit tremendously from studying 
modernist designs and theory. Instead of being its 
“absolute counterpoint” [1], Egyptian modernist 
architecture, and other Global South (and North) 
examples, can supplement sustainable architecture, 
specifically in climates similar to Egypt’s hot and dry 
desert conditions [16]. 
 
6. CONCLUSIONS 
 Natural ventilation in Egyptian 
modernism is just one example of the intricate ways 
sustainability was practiced by Global South 
architects. Rather than being an active design 
motivation, natural ventilation was a defacto 
necessity, a design requirement that bled into the 
design’s social, economic, functional, and aesthetic 
concerns. Although natural ventilation was not a 
primary concern in the design of the selected 
buildings, the takeaway is that it was always 
incorporated, with additional room for 
enhancement had Karim sought it as a primary 
objective. 
 Instead of retrofitting sustainable 
practices—as is the case with contemporary 
architecture when it refers to vernacular 
architecture for inspiration—modernist architecture 
can remind us of the importance of weaving passive 
climatic control strategies into our designs. 
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ABSTRACT: Urban environments have been facing increasing average temperatures and more frequent heat 
waves due to climate change. This represents an even greater challenge for historical cities, courtyards, and 
cloisters, where restrictions due to conservation call for calibrated thermal resiliency strategies based on 
thorough assessment. In this study, the resilience of the San Sepolcro cloister (a form of enclosed courtyard used 
in monasterial architecture) in Parma is assessed in response to future climatic conditions. Using the software 
ENVI-met, a microclimatic model is created, and microclimate is simulated for the present (2020) and a future 
scenario (2080) for the hottest day of summer, to investigate overheating mechanisms in the context of a 
historical urban district. Finally, results are analysed and possible strategies to address overheating in the future, 
in the building and urban scale, are sketched. 
KEYWORDS: Climate change, Thermal resilience, Courtyard, Cloister, Microclimate 
 
 

1. INTRODUCTION 
With more than half of the world population 

living in cities [1] and climate change intensifying 
during the last decades, the need to address 
increasing average temperatures and frequent 
heatwaves in urban environments is more relevant 
than ever. The challenge is      greater for historical 
cities, where architectural mitigation and 
adaptation measures need to be foreseen in 
accordance with conservation regulations. 

Climate change is currently impacting cultural 
heritage globally. Despite enhancements in the 
understanding of the relationship between climate 
and buildings during the last decades, there are still 
knowledge gaps hampering the adaptation of 
historical typologies, such as the courtyard and 
cloister, in the microclimatic variation of future 
climates with no literature discussing the specific 
matter at the time of writing. The proposed 
research aims at identifying how cloisters (typical 
courtyards with a history of more than 5000 years) 
are responding to the harsh effects of climate 
change in the dense urban fabric of Parma. 

This computational study, based on the ENVI-
met software tool, attempts to make a first step 
towards understanding the thermal resilience of a 
representative cloister, today and in future climatic 
conditions.  According to [2], a space is thermally 
resilient if it is able to achieve locally desirable 
thermal levels despite the overarching event of 
climate change. The desirable thermal levels would 

be those that are comfortable to people and that 
are positively allowing the ecosystem to evolve. 
Such thermal thresholds cannot be defined 
universally, but rather they should be studied 
locally [2]. On such bases this study is intended to 
act as the beginning of further speculations on 
possible architectural strategies leading to 
resilience. 
 
2. BACKGROUND 

Parma is a city located in the region Emilia-
Romania, Italy. The dense urban fabric of the city is       
made of historical buildings framing several 
courtyards and patios. A recurring typology is the 
“cloister”, an open courtyard that connects spaces     
through a surrounding, covered, walkway/arcade. 
The diffusion of cloister buildings in the historical 
urban fabric is very relevant: the city of Parma is 
dotted with 24 cloisters (Fig. 1), associated with as 
many monastery or convent buildings. The cloister 
of San Sepolcro, here assessed, was built in the 
Renaissance period and its original form is almost 
entirely preserved. 

Understanding a cloister’s thermal behaviour, 
now and in the future, is the first step towards the 
implementation of architectural climatic 
transformations. Only a few studies begin to frame 
the need of specific future projections [3-5], but 
none deals with the specific matter.  
 

 

2.1 The importance of Italian cloisters in the urban 
fabric 

The Italian cloister is a square or rectangular 
courtyard surrounded by a semi-open space that 
connects the main ecclesiastical building with the 
remaining rooms/spaces of the convent or 
monastery. Cloister galleries are usually formed by 
an arcade of columns and the courtyard includes a 
well and a garden [6]. The porticoed space can, in 
some cases, be distributed on one or two levels 
creating two overlaid orders of arches. In 
monastery buildings, the cloister plays the role of a 
secluded space, informed with strong spiritual and 
symbolic values. It is the meeting place of monastic 
community life, where monks and nuns pray and      
enjoy the outdoors, without leaving the building. Its 
origins are found in the peristyle of the Greek 
house, of Egyptian inspiration, later furtherly 
developed in the Roman house [7]. The archetypal 
form of the Italian cloister courtyard was defined by 
regular polygons (rectangular, square) [8]. 
 
Figure 1:  
The city of Parma (IT) and its 24 cloisters. 

 
Source: Authors. 
 
2.2 The Cloister of San Sepolcro 

The church of San Sepolcro is located at the 
eastern part of Parma (latitude 44.800150, 
longitude 10.335580) and was built in 1100. The 
convent was erected in 1257, and the cloister itself 
dates back to 1493-95. The Renaissance cloister 
comprises a single-story, square plan, without any 
loggia on the upper storeys. It has three porticoed 
sides, each featuring six round arches in sandstone, 
while its north side was buffered in the 19nth 
century to create a closed, south-facing façade. The 
arcades of the cloister overlook the green central 
space, where several trees such as figs and 
pomegranates grew (Fig. 2).  

The surrounding area of the cloister consists of 
two open areas in the west and north (Piazzale San 

Sepolcro and a large courtyard), Via della 
Repubblica in the south and two smaller streets in 
the north-eastern part. 

 
3. METHODS 

The microclimate model of the cloister and its 
surroundings was set up in two phases. Firstly, a 3d 
parametric model was created in Rhinoceros [9] 
using Grasshopper and the Dragonfly components 
of Ladybug Tools [10], and then this was transferred 
to the ENVI-met [11] software for fine-tuning and 
setup of the simulation.  

ENVI-met is a three-dimensional prognostic 
software, used to simulate the interaction between 
air, plants, and surfaces within an urban 
environment. ENVI-met supports the analysis of the 
impact of the Urban Heat Island (UHI) phenomenon 
on the outdoor thermal comforts of different urban 
patterns and the evaluation of heat mitigation 
strategies. 
 
Figure 2:  
The cloister and church of San Sepolcro and the assessed 
neighbourhood area. 

 
Source: [8] 
 

The paper assesses two different climate 
scenarios: the present (the year 2020 was used) and 
the projected 2080, based on two climate datasets. 
A customized EPW file of Parma was used as a 
contemporary climatic reference. The 5th of August 
was selected for simulation, considering it was the 
hottest day of both years, hence the most critical in 
terms of overheating. Preheating of building masses 
was considered by computing one day earlier, 
making the total simulation period 56 hours, 
starting from 00:00, 4th of August and finishing at 
07:59, 6th of August. 
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The Meteonorm Climate Generator [12] was 
employed to project the 2080 climate scenario 
based on the Intergovernmental Panel on Climate 
Change (IPCC) scenario SSP2 - 4.5 [13], which is a 
scenario with intermediate GHG emissions and CO2 

emissions remaining around current levels until the 
middle of the century. 
 
3.1 3d parametric model 

The geometry of the examined district was 
originally extracted from OpenStreetMap [14] and 
imported to Rhinoceros 3D representation software 
in .obj form. Necessary modifications were made to 
the 3d model according to surveys made by the 
authors in July 2021. The Dragonfly components 
inside Grasshopper were used to create the digital 
spatial model with materials, which was then 
imported to ENVI-met for the addition of 
vegetation, receptor points and final preparation 
for the simulations. 

 
3.2 ENVI-met model 

Starting from the Envi-met database, a set of 
customised materials was created, to better 
represent local finishing materials. Building 
materials identified through surveys in the area 
were light and dark plaster, exposed brick, and roof 
tiles (Table 1). 
 
Table 1:  
Wall/roof material properties used for the simulation. 
 

Material description Absorption 
(%) 

Reflection 
(%) 

Light plaster 35 55 
Dark plaster 70 20 

Exposed brick  55 10 
Roof tiles 70 20 

 
Similarly, pavement/road surfaces identified in 

the study area were asphalt, red basalt (stone), 
granite and smashed brick (Table 2). The thermo-
physical properties of the above finishings were 
modelled according to literature sources and 
inserted in the project database. 
 
Table 2:  
Pavements’ material properties used for the simulation. 
 

Material description Albedo value 
Red basalt road 0.80 

Asphalt road  0.10 
Smashed brick 0.75 

Granite pavement 0.10 
 

A grid resolution of 2.3 m (x) by 2.3 m (y) by 2.3 
m (z) was used for the setup of the model, with a 
telescopic factor of 10% after the height of 15 
meters, which covered all buildings except for the 

San Sepolcro church’s bell tower.  A total area of 
276 m per 301 m was thermally assessed. Finally, 
four different kinds of trees with a deciduous profile 
and high leaf area density (LAD) were created, to 
account for different heights and canopy shapes, 
which were then inserted in the microclimate 
model, along with the grass surfaces of the analysed 
area (Fig. 3).  

Several receptor points were put in place on the 
surface of surrounding street canyons, courtyards, 
and open spaces, as well as in the cloister centre, 
under/ in front of the three arcades, and finally in 
front of the closed south facade. Full forcing of all 
meteorological data with a 30 second update 
interval was used for the simulation.  

All thermal parameters were accounted and 
utilizing the BIO-met software, the Universal 
Climate Index (UTCI) was calculated for the study 
area, as suggested by EU COST Action 730 [15]. The 
calculation is based on a simplified regression 
model by Peter Broede. 
 
Figure 3:  
ENVI-met 3d model with the representation of materials, 
vegetation, and receptor points. 

 
Note: The cloister can be seen inside the square frame. 
 
4. SIMULATION RESULTS 

Simulation results reveal the thermal patterns 
for the area of study during the 5th of August, as 
the hottest day of the years 2020 and 2080, with a 
special focus to hour 15:00 when the worst thermal 
conditions occur, at the pedestrian level (height= 
1.5 m). Data from 2020 and 2080 are compared by 
the terms of absolute difference in order to reflect 
on thermal resilience.  

Results were produced for air temperature in 
front of facades (3d representation) as well as 
potential air temperature, wind speed, relative 
humidity, mean radiant temperature and UTCI 
(height=1.5 meters from the ground). 

 
 
 

 

4.1 Air temperature 
In terms of absolute values, both for 2020 and 

2080, the lower parts of facades in the study area 
presented approximately 1oC higher air 
temperature than roofs (40.40-39.20oC for 2020 
and 48.40-47.00oC for 2080). In the cloister centre 
and under the three arcades, potential air 
temperature is observed to be 1-2oC lower during 
the overheating hours both for 2020 and 2080, 
when compared to all surrounding receptor points 
placed on streets and passages. (Fig. 4) The cooling 
effect of the cloister morphology is maximized 
under the three arcades. 

However, the comparative analysis (Fig. 5) 
shows that building roofs are more critical in terms 
of future thermal stress than lower parts of       
facades. Air in front of the facades facing open 
areas external to the cloister, especially with the 
presence of high vegetation, has increased less 
between the two climatic scenarios, thus implying 
that closed spaces such as courtyards may 
overheat. 
 
Figure 4:  
Air temperature diagram showing absolute values under 
the south arcade, in the cloister centre and at the west 
passage. 

 
 
Note: The receptor point “west passage” is located at the 
passage with trees between the west cloister boundary 
and the neighbouring school building1. 
 

Inside the cloister itself we observe that the 
area under the arcades is more resilient (less 
increased in temperature) than the closed (south-
facing) facade, which also presents higher absolute 
air temperature values for both climatic scenarios 
(Fig. 6). 
 
 
 

 
1 The south arcade was selected as the one with the lowest 
values and the west passage as the one with the highest ones 
except Via della Repubblica, to demonstrate boundary conditions 
regarding absolute values of temperature. 

Figure 5:  
Delta 3d map for air temperature in front of facades. 
(a) 

 
(b) 

 
Note: Visualization of the delta Temperature (increased) 
values, for 15:00 on the 5th August between 2020 and 
2080, (a) in the general study area and (b) zooming in the 
San Sepolcro cloister. 
 
Figure 6:  
Delta 2d maps for potential air temperature.  

 
Note: Visualization of the delta (increased) values, for 
15:00 on the 5th August between 2020 and 2080. 
 
4.2 Wind speed 

Wind speed analysis shows that the cloister, as 
well as any half-enclosed areas such as courtyards, 
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present very low flow values (about 0.20 m/s at 
15:00) because there are no air passages for the 
wind to move in and through. In contrast, 
surrounding street canyons and open areas can 
reach much higher values of around 0.80 m/s for 
15:00 and over 3 m/s for other times of the day. 

The comparative analysis shows that these 
values are not expected to change much. Most 
differences are observed over the buildings’ height, 
where the wind can flow unobstructed (Fig. 7). This 
is due to the fact that the different profiles of 
temperature and radiation predicted in the future 
climate scenario are locally not significant enough 
to achieve different barometric pressures. 
 
Figure 7:  
Delta 2d maps for wind speed.  

 
Note: Visualization of the delta (changed) values, for 
15:00 on the 5th August between 2020 (reference) and 
2080 (observation). 
 
4.3 Relative humidity 

Relative humidity during overheating hours in 
2080 is predicted to be lower than 2020 by more 
than 10 percentage points. Specifically, at 15:00 on 
August 5th in the cloister centre, relative humidity 
is calculated to be 17,97% whereas in 2020 it was 
29,64%. However, delta values are similar for the 
whole area of study, indicating that lower levels of 
relative humidity (by around 11%) are expected to 
be a generalized phenomenon, independent from 
urban morphology. This is an interesting piece of 
information supporting the idea of tropicalization of 
the local climate as an effect of climate change.  

 
4.4 Mean radiant temperature 

Mean radiant temperature (MRT) under the 
cloister arcades is simulated to be around 41oC in 
2020 and 47oC in 2080, around 5oC lower than the 
cloister centre and 10oC lower than in front of the 
closed, south-facing facade. The delta values are 
considerably higher (6.4oC) under overhang parts of 
the model, such as the arcades and other semi-
open spaces compared to the general increase 
observed that ranges from 2.3 to 5oC (Fig. 8). This 
can be attributed to the combination of the 
material properties and the horizontal barrier of 
overhang building geometry. 
 
 
 

Figure 8:  
Delta 2d sections for MRT. 

 
Note: Visualization for 15:00, 5th August 2020 and 2080, 
showing the increase of values on each part of the model. 
 
4.5 UTCI 
     In the 2020 plan map, the value under the 
arcades ranges from 35 to 38oC (strong heat stress-
SHS according to UTCI classification) [15], whereas 
values from the exposed part of the cloister reach 
42oC (very strong heat stress-VSHS according to 
UTCI classification), similar to those of the 
surrounding streets. In the 2080 map, this effect is 
not visible, with all cloister parts (both exposed and 
covered) presenting a value around 43oC (VSHS). 

The comparative analysis reveals that the most 
resilient parts of the area are those with high LAD 
vegetation, suggesting that the role of 
evapotranspiration is crucial to the mitigation of 
overheating in the urban context (Fig. 9). 
 
Figure 9:  
Delta 2d maps for UTCI value of the study area. 

 
Note: Visualization for 15:00, 5th August between 2020 
and 2080 years. 
 
4. CONCLUSION 

The cloister is a very common type of building in 
Italian historical cities and presents several 
challenges with regards to climate change 
mitigation: its historical nature poses restrictions 

 

due to conservation needs, each of the four sides 
facing the courtyard has different orientation, the 
introverted building shape blocks air movement, 
the central area is highly exposed to solar radiation 
and the covered passages under the arcade limit 
the amount of natural light that enters the interior 
of the buildings.  

Therefore, concrete research findings on the 
thermal patterns that characterize this morphology, 
today and in the future, are necessary prerequisites 
for adopting informed design measures to mitigate 
extreme heat conditions. Several environmental 
parameters were assessed using microclimatic 
simulation and the results were presented in the 
previous sections. The preliminary results show that 
the archetypal cloister form presents different 
behaviours in light of climate change. The main 
findings of this study are summarised below: 

• The surrounding arcades of the cloister 
provide a sheltered/ shaded area for the 
larger part of the day and generally 
present a lower risk of overheating. 
However, in the future, when extreme 
temperatures will prevail during the 
hottest months of the year, this effect will 
be insignificant, and the adoption of more 
radical measures will be essential to 
combat the “tropicalization” of the 
Mediterranean cityscape.  

• Temperature findings suggest that it is 
critical to work with overheating mitigation 
strategies on the upper parts of building 
facades and the roofs that are more 
exposed to solar radiation. 

• The wind is almost stagnant inside the 
cloister and other closed parts of the urban 
fabric. The simulation shows that this is a 
parameter that remains constant, even 
though overheating is expected to become 
stronger. 

• Humidity values will fall by more than 10 
points. 

• UTCI delta maps show that where 
vegetation is present, thermal resilience is 
higher. UTCI difference between cloister 
centre and under the arcade was visible in 
2020 results but not in 2080 ones, 
suggesting that in overheating conditions, 
the cooling effect of the covered parts is 
not relevant anymore. 

On the base of these findings, future strategies 
may be targeted at maximizing selective shading, 
creating airflows by dedicated openings into the 
fabric or wind catchers, and finally maximizing the 
areas dedicated to evaporative transpiration to 
overcome the hot and dry climate that is predicted 

to develop. Future and upcoming work attempts to 
test these three families of mitigation strategies. 
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Green Infrastructure to reduce cooling loads and heat stress in 
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A building simulation and machine learning approach 
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ABSTRACT: Climate change impact on cities and urban warming due to anthropogenic effects are urgent problems 
to be solved. Among the most beneficious strategies to reduce those impacts we can account the development of 
green infrastructures in cities, a kind of intervention that assure both mitigation of global warming by reducing 
greenhouse gases emissions, and adaptation to warmer urban environments. This work presents a building 
simulation and machine learning methodology to estimate the energy and comfort-related benefits that can be 
obtained by using a green infrastructure to shadow buildings' façades and roofs. We used previously developed 
simulation models to test the energy savings provided by different types of trees planted to produce shadows on 
buildings. Then, we tested different algorithms to predict using a machine learning approach the saving that can 
be obtained in different buildings-trees contexts for the cities of Catania, Rome, Santiago de Chile and Viña del 
Mar. Results show that the saving obtained is in the range 5-60%, mainly depending on the number of façade 
shadowed and on the specie of trees; and the prediction accuracy of machine learning process is over 90% for a 
binary classification (energy saving > 15% or <15%). 
KEYWORDS: Urban Heat Island, Urban Climate, Green Infrastructure, Building Performance Simulation, Machine 
Learning 
 

1. INTRODUCTION  
During the last decades, global warming and land 

use change have intensified the urban heat stress 
condition, affecting energy loads of buildings and 
both indoor and outdoor thermal conditions. The 
problem is so deep that in 2021 the world 
experimented the record temperatures of 48.5 
Celsius degrees in Canada during the summer and 
peaks of 29 Celsius degrees in central Chile in the 
middle of the winter season. Scientific community is 
agreeing that urgent measures should be taken to 
mitigate the global warming and the urban heat 
island (UHI) phenomenon. At the same time, there is 
an urgent need to develop adaptation strategies to 
face warmer environments, including nature-based 
solutions to restore ecological services in cities and 
reduce the probability of heat stress under heat 
waves [1]. Green Infrastructure (GI) is a strategy to 
achieve these goals, and has more benefits such as 
CO2 sequestration, reduction of flood damages, 
visual and acoustical better environment, 
biodiversity development. Many authors assessed in 
the past the possible reduction in UHI intensity 
provided by trees and vegetal surfaces [2-3]. The 
influence of trees on indoor thermal environment 
has also been assessed by various studies [4-5]. In 
previous works, authors established a strategy to 
simulate not only theoretical solutions, but real 

configurations of trees-buildings relations, 
depending on availability of space in case studies 
sectors placed in Mediterranean climates [6]. 
Mediterranean climates are normally located 
between 30 and 45 degrees of latitude in both 
hemispheres, covering the Mediterranean Sea basin, 
the South and North America Pacific coasts, and 
small parts of Australia and South Africa (figure 1) 
[7].   
Figure 1:  
Mediterranean climates and cities considered in this study 
 

 
Machine learning (ML), a branch of artificial 

intelligence that learn from a set of data to do a 
prediction or a classification of new configurations 
performance, has been used to predict the energy 
loads reduction in summer and the indoor heat 
stress probability, with the objective to help urban 

 

planners in deciding where to place the GI 
considering the global cost-benefits results [8].  

In this work, the methodology developed in 
previous works is applied to the cases of Rome, 
Catania, Santiago de Chile and Viña del Mar, 
evaluating the capability of GI to reduce cooling 
loads and indoor heat stress as well as the accuracy 
of ML process to predict the results for new cases.  
2. METHODOLOGY 

To establish the capability of a GI to reduce 
cooling loads and heat stress probability, we 
followed a three steps methodology. Firstly, some 
real case studies has been considered (Catania, 
Roma, Santiago de Chile, and Viña del Mar) and a 
classification of effective building-trees 
configurations has been obtained. This process 
includes the identification of typical urban 
morphologies and buildings’ shapes and design of 
linear GI configurations to be placed to an 
appropriate distance from the building’s façades.  

Secondly, the interaction building-trees has been 
modelled by using shadow masks in TRNSYS Studio 
version 17. The trees are represented as simplified 
solar shadow elements with a permeability to 
sunlight obtained by field assessment using fish-eye 
images and Gap Light Analyzer (GLA) software to 
process the radiation data [9]. Finally, a set of 
simulations was run out to obtain the base case 
(without trees) and the configuration performance. 
Buildings were modelled in TRANSBUILD type of 
TRNSYS and simulation was run with TRNSYS Studio.  

Once obtained the simulation results, a ML 
technique was developed to predict the cooling load 
and the probability of heat stress occurrence for new 
configurations. We tested different algorithms to 
obtain two different classifications: one with a single 
value (15% energy saving and heat stress probability 
reduction) and the other with a five categories 
strategy to indicate the estimated amount of 
reduction obtained with the GI.  

 
Figure 2: 
Trees’ morphology and solar permeability  
 

 

Simulations were done in Mediterranean 
climates, characterized by slightly different 
behaviour determined by latitude and coast 
distance: Catania (Mediterranean semi-arid, on the 
Mediterranean Sea), Rome (Mediterranean, at 20 
km from the Mediterranean Sea), Santiago de Chile 
(Mediterranean-continental, at 100 km from the 
Pacific Ocean), and Valparaiso-Viña del Mar 
(Mediterranean semi-arid, on the Pacific Ocean).   

Weather files for selected locations have been 
obtained from the webpage climate.onebuilding.org 
[10,11] and modified by using Urban Weather 
Generator (UWG) tool to consider the urban heat 
island effect of the sectors. UWG tool was developed 
by Bueno et al. [12] and updated several times to 
improve accuracy of the prediction [13,14]. It was 
tested in different climates [15,16,17] locations and 
permits to realize parametric studies on the 
influence of urban form on microclimate.  

UWG needs for many inputs for running. Most 
important are: inputs on urban morphology (as built 
up area, façade to site ratio, average building height, 
green areas, albedo values for all surfaces, 
anthropogenic heat production in the urban sector). 
Here we focused on morphological parameters to 
generate the representative urban weather file. 
Anthropogenic heat and albedo values have been 
left as a fixed value across the cases.  

Urban heat island intensity has been found to be 
higher in Santiago than in the other cases. The 
phenomenon is positive at night and slightly negative 
during the day. Table 1 resumes the parameters 
values used for UWG simulations and table 2 shows 
the max and min values of UHI intensity for all 
locations. 
 
Table 1:  
Parameters used in UWG simulation 
 

Location Built 
Area 

Fac. 
ratio 

H 
(m) 

Green 
Area 

Tor Bella Monaca  0.11 2.64 24 0.25 
Casale Caletto 0.12 0.62 15  0.08 
Trimesteri Etneo 0.19 0.88 12 0.05 
Les Condes 0.15 0.73 15 0.27 
Benidorm 0.07 0.36 12 0.24 

 
 
Table 2:  
UHI intensity for locations studied 
 

Location Max UHI Min UHI 
Tor Bella Monaca  3.7 -1.0 
Casale Caletto 2.4    0.6 
Trimesteri Etneo 2.8 -1.1 
Les Condes 6.1 -1.5 
Benidorm 2.0 -0.4 
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2.1 Selection of urban compounds  
Urban compounds to be studied were selected 

among urban development sectors since the ’60 
decade until today in Rome (Tor Bella Monaca and 
Casale Caletto), Catania (Tremesteri Etneo), Santiago 
de Chile (Las Condes) and Viña del Mar (Benidorm). 
The analysis conducted on the sectors leaded to the 
selection of 40 specific configurations, considering 
the availability of space to plant trees, the building 
morphology and the green areas already present in 
the sector (figures 3-7).  
 
Figure 3: 
Casale Caletto compound and configurations analysed 
 

 
 
Figure 4: 
Benidorm compound and configurations analysed 
 

 
 
Figure 5: 
Las Condes compound and configurations analysed 
 

 
 
 

Figure 6: 
Tor Bella Monaca compound and configurations analysed 
 

 
 
 
 
Figure 7: 
Trimesteri Etneo compound and configurations analysed 

 
 
 
 

 

2.2 Simulations of cooling loads 
To simulate the cooling loads, buildings of 

selected compounds were firstly grouped in 
standard types by plan shape. We used “T”, “C”, “L” 
and “I” typical shapes. Each shape has its 
standardized dimensions and internal distributions.  
Figure 8 shows the plan shape of typical buildings.  
Figure 8: 
Standard building shapes considered in this study 

 
Simulations consider standard materials used in 

Mediterranean climates, with solar absorptions and 
thermal transmittances for walls and roofs resumed 
in table 3. Windows to wall ratio depends on the 
building form, as shown in table 4. For all cases, 
radiation control was considered to simulate the use 
of blinds or other internal system. Table 5 shows 
operational settings used. 

 
Table 3:  
Envelope values for all buildings 
 

Element Constructio
n 

Thermal 
transmittanc
e (W/m2K) 

Solar 
absorptio
n or g-
value 
windows 

Walls  Bricks - XPS 0.56 0.60 
Flat 
roofs Conc. - XPS 0.32 0.60 

Window
s Alum. single 5.80 0.86 

 
Table 4:  
Windows to wall ratios for building tyipes 
 

Shape  Floor 
surface 

Window/wall 
ratio main fac 

Window/wall 
ratio other  

I 480 m2 20% 7% 
C 800 m2 20% 20% 
T 400 m2 20% 15% 
L 528 m2 20% 20% 

 
Table 5:  
Operational settings used in the study 
 

Description Schedule or 
control  Value 

Light gains 18-22 h 5 W/m2 
Cooling set point 0-24 h 26 ˚C 
People 0-24 h  1 met 
Occupancy 0-24 h 50 m2/p 
Solar shading open 120 W/m2 1.0 
Solar shading closed 140 W/m2 0.4 

 
In TRNSYS, shadows are simulated as geometrical 

masks obtained by projecting the inclination angle 
for minimum and maximum solar incidence on each 
floor. The point to see the sky or the tree was set into 
the middle of the façade (figure 9). Equations (1)-(6) 
show the calculation procedure to obtain the 
inclination angles. 
 

𝜶𝜶𝒎𝒎𝒎𝒎𝒎𝒎 = 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒎𝒎𝒂𝒂𝒎𝒎𝒎𝒎𝒎𝒎
𝒃𝒃  

 (1) 
 

𝜶𝜶𝒎𝒎𝒂𝒂𝒎𝒎 = 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒎𝒎 𝒂𝒂𝒎𝒎𝒂𝒂𝒎𝒎
𝒂𝒂  (2) 

 
𝒂𝒂𝐦𝐦𝐦𝐦𝐦𝐦(𝒎𝒎) = 𝒉𝒉𝒎𝒎𝒎𝒎𝒎𝒎 − [𝟏𝟏. 𝟓𝟓 + 𝟑𝟑 × (𝒎𝒎 − 𝟏𝟏)] (3) 
 
𝒂𝒂𝐦𝐦𝐦𝐦𝐦𝐦(𝒎𝒎) = 𝒉𝒉𝒎𝒎𝒂𝒂𝒎𝒎 − [𝟏𝟏. 𝟓𝟓 + 𝟑𝟑 × (𝒎𝒎 − 𝟏𝟏)] (4) 
 

𝒃𝒃 = 𝒅𝒅 + 𝒘𝒘
𝟐𝟐  

 (5) 
 

𝒂𝒂 = 𝒅𝒅 − 𝒘𝒘
𝟐𝟐   (6) 

 
Figure 9:  
Shadow mask calculation  

 
2.3 Machine Learning  

Once obtained simulation results, a machine 
learning strategy was developed to predict, based on 
certain numbers of predictors, the final cooling load 
reduction that can be reached by planning trees in a 
determined configuration. As a continuous 
prediction of cooling load is difficult to be obtained, 
we developed a classification method to divide the 
configurations in categories. In a first attempt, we 
used a 15% of reduction in cooling load as the 
threshold value to be used. In a more interesting 
attempt, we established five ranges: very low saving 
(0-5%), low saving (5-15%), medium saving (15-25%), 
high saving (25-35%) and very high saving (more than 
35%). We used different algorithms to predict the 
results: Loess, Random Forst, KNN, GLM and a 
combination (ensemble) of all them. Respect to 
predictors, we used: climate classification, type of 
urban environment, altitude, latitude, sea distance, 
number of floors, number of façades on shadow, 
plan shape, orientation, distance, and tree species.  
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3. RESULTS 
Simulation results show that the energy savings 

that can be reached in summertime are in a range 2-
60%. Figure 9 resumes the values for 120 simulations 
(40 representative configurations, 3 species of 
trees). Figure 10 shows the average savings obtained 
by location, divided by tree species.  
 
Figure 9: 
Base case and improved case (with trees) cooling loads 
 

 
 
Figure 10: 
Average cooling loads by location and tree specie 
 

 
 

Looking at figure 10, it is immediate to notice that 
Benidorm has a summertime energy demand quite 
lower than other cases, around 2-3 kWh/m2. In the 
sectors of Rome, cooling loads of the base case are 
around 5-6 kWh/m2 year, while in Santiago loads are 
around 6-8 kWh/m2 year. The hottest location is 
Catania, with summer cooling loads of 10-11 
kWh/m2. Influence of Pacific Ocean’s breeze and 
latitude are the most relevant factors for this.  

If the savings over 45% belongs to the case of 
Benidorm, where cooling loads are low even without 
shading, the range 2-45% apply to all studied cases. 
There is a big difference among 2% or 45% of cooling 
load reduction. So, it is interesting to understand 
which are the most influencing factors that explain 
these results.  

Among the cases studied, Tor Bella Monaca is 
clearly the case more difficult to be shadowed. This 
is obvious because of the number of floors (8) of 

buildings in this sector, compared with the others (5-
4 floors). West façades are confirmed as important 
façades to be shadowed, and “I” buildings are 
detected as easier to be shadowed respect other 
shapes buildings. The case of Santiago is particularly 
interesting because of the UHI intensity of the 
sector.  

Green infrastructure can be used as a 
mitigation/adaptation strategy to reduce the impact 
of urban heat in the city. Table 6 resumes the 
number of cases analysed and the performance 
achieved in a 5-categories classification. 

 
Table 6:  
Classification of cooling reduction in 5 categories 

 

Location Very 
low 

Low Medium High Very 
high 

Bella 
Monaca  3 7 1 0 1 

Casale  2 14 8 0 6 
Trimesteri  1 5 3 1 2 
Les Condes 0 11 5 9 5 
Benidorm 0 2 12 10 12 
TOTAL 
CASES 6 39 29 20 26 

 
More than the half of cases have a result higher 

than 15% reduction in cooling loads, confirming the 
findings of previous studies [18]. More than one 
third of the cases present a saving higher than 25% 
of cooling loads reduction. This allows stakeholders 
to invest in green infrastructure projects, whit a 
return of investment guaranteed in a relatively short 
time lapse.  

Machine learning resulted to be quite accurate, 
achieving the extraordinary result of a 96% of 
accuracy in a binary categorization process. While a 
5-categories classification is required, the accuracy is 
quite lower but still acceptable for the ensemble of 
algorithms (75%).  

Among algorithms, best results are achieved by 
the ensemble and by random forest procedure. 
Random forest is particularly interesting because the 
output information includes the priority of 
predictors, putting in evidence that the number of 
façades on shadow is the key factor to predict the 
performance. This result is perfectly in accordance 
with previous studies [19] and with our 
interpretation of simulation results. The algorithm 
used the predictor “number of façades on shadow” 
in the first places of the decision tree, followed by 
“tree specie”, “distance from the sea”, “altitude”, 
and “distance from the façade”.  

 
 

 

 

4. CONCLUSION 
This paper showed how the development of a 

green infrastructure can help to prevent overheating 
in buildings and to reduce energy use for cooling 
during summertime in Mediterranean climates. This 
benefit must be accounted in a general analysis to 
establish the convenience to plant trees in urban 
environments. Green areas has certainly some costs, 
due to maintenance, water consumption and the 
process of planting, however the benefits in terms of 
several ecosystem services provided to the 
inhabitants shows that the development of a green 
infrastructure is almost always convenient.  

Building performance simulation can be used as 
a part of the cost-benefit accounting in establishing 
where to place a green intervention. Machine 
learning processes can be useful to reduce time to be 
spent in simulations, allowing technicians to quickly 
obtain a first assessment of the convenience of the 
trees under an energy use point of view.  

Future works will regard the simulation of 
different macroclimatic locations, where other 
factors take more importance: seasonality, heating 
loads increase, water needs for trees, among others.  
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Comparative analysis of Viçosa's weather files 
Simulation adequacy for urban microclimate  
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ABSTRACT: A microclimate denotes the distinctive climatic conditions within a few meters of a given point. The 
anthropogenic heat, ground cover, surrounding vegetation, shading, and &c. contribute to thermal comfort 
level variations within buildings and present prospects and obstacles analogized to the macro and 
mesoclimatic scales. In this sense, it is essential to determine the fittest weather file for building simulations 
to reduce propagating errors. Therefore, this study's scope was to appraise four different weather files (TMY3 
and Multiyear datasets), relying on indoor and outdoor surveyed and simulated dry-bulb temperature (DBT) 
and relative humidity (RH) for two institutional buildings in Viçosa, Brazil (20.75° S, 42.88° W), microclimate-
affected and not. We pre-selected the best datasets collecting EnergyPlus' Site Outdoor Air DBT and RH outputs 
and comparing them with outdoor surveyed DBT and RH, later adopting the most representative weather files 
for indoor simulations. We concluded that the TMY3 file conveyed the best overall results and the lowest Root-
Mean-Square Error (RMSE) for RH in microclimate conditions. At the same time, the Multi3Y-High showed 
better temperature results for the anthropogenic-affected building. Therefore, if pre-testing a weather file is 
not an option, we indicated TMY3 as the best dataset. 
KEYWORDS: On-site survey, Building Simulation, Root-Mean-Square Error, Weather File. 
 
 

1. INTRODUCTION  
A microclimate is a local set of atmospheric 

conditions that differ from its surrounding area in 
outdoor air temperature variations, surface 
temperatures, humidity, wind speed, and wind 
direction [1], [2]. Anthropogenic heat, evaporation, 
evapotranspiration, trees shading, and ground cover 
can modify latent heat exchange between buildings 
and the outdoors in urban areas, heavily influencing 
thermal comfort levels inside buildings. 

The outdoor climate directly relates to indoor air 
quality and thermal comfort. Analyzing its 
relationship with building thermal environmental 
performance, solar access, and ventilation is a 
primary research goal on microclimate that will 
reproduce miscalculations when overlooked [3]. 

Access to accurate weather data denotes a 
barrier to more assertive analyzes of the local 
climate. Meteorological conditions in simulations 
rely upon data from weather stations, which are 
typically secluded. Moreover, this data is usually 
averaged over several years, masking the effect of 
the urban surroundings and possible site-specific 
characteristics [2]. 

Building simulation is a leading method for 
predicting interactions between indoors and 
outdoors. Few studies established generic models 
based on field surveys and statistical analyses, 
preventing oversimplification. For instance, Scheller 

et al. [3] compared three different weather files 
using dry-bulb and dew-point temperature and 
global and diffuse horizontal irradiance for 15 
Brazilian cities, concluding that most analyzed 
weather files were precise but not. 

Toparlar et al. [1] performed building energy 
analysis in Antwerp for microclimate simulation and 
characterization. Results showed higher average air 
temperatures at urban sites away from the park, 
with 13.9% less cooling demand near the park. 

Hence, this study appraised the application of 
four different weather files (TMY3, Multi3Year-Low, 
Medium, and High) [4] through surveyed indoor and 
outdoor data for two similar adjacent institutional 
buildings in Viçosa, Brazil (20.75° S, 42.88° W), with 
differing surrounding conditions and microclimates. 
Our main goal was to pre-select the fittest weather 
file for microclimate assessment, analyzing its 
suitability when comparing collected dry-bulb 
temperature (DBT) and relative humidity (RH) with 
weather file data and later simulating and comparing 
indoor DBT and RH with surveyed indoor 
information. 
 
2. MATERIALS AND METHODS 

According to the Köppen classification, Viçosa is 
warm and temperate (Cwa) with hot and humid 
summers and cool to mild winters. Both elected 
buildings (Fig. 01) are part of Universidade Federal de 

 
 

Viçosa's Psychosocial Division (20.75° S, 42.88° W). 
The buildings were originally designed as housing 

complexes for university educators and later 
converted into office spaces and psychological and 
psychiatric care. Both buildings are one-story, 
butterfly-roofed, and naturally ventilated. Building A 
is 155m², and building B is 129m². Building A 
presents an explicit microclimate caused by a mass 
of vegetation that provides shading and 
evapotranspiration, wind exposure, and surrounding 
lawn (lower ground temperatures and albedo, and 
constant irrigation). Conversely, building B is 
secluded, in-between constructions, and 
anthropogenic-influenced (higher surrounding 
surface temperatures and albedo). 
 
Figure 1: 
Building configuration and data logger's placement. 
Source: The Authors. 

 
Note: red markers represent outdoor loggers, while blue 
represents indoor surveyed points. 
 

We scrutinized indoor/outdoor walls, partitions, 
and roofing materials during the cataloging and field 
survey stage, adopting Weber et al.'s [5] equivalent 
reference models and construction layers and NBR 
15.220-2's [6] material properties. 

Table 1 shows the adopted building layers, 
thicknesses (Thk), transmittances (Ut), and thermal 
capacities (Ct). The material layers appear from the 
exterior to the interior, following EnergyPlus 

construction inputs. We also considered outdoor 
thermal absorptance of 0.40 for building A and 0.30 
for building B (light blue and yellow) [6]. 

We collected indoor and outdoor DBT and RH in 
the Southern summer period from February 26th to 
March 12th, 2020, using HOBO data loggers 
(HOBO/ONSET U12 Temp/RH/Light) recording every 
minute. However, we only considered data between 
March 8th and March 12th due to the uncommon 
intense precipitation until March 7th. We also 
surveyed daily occupation patterns, users, 
electromechanical equipment, and natural 
conditioning tactics and modeled 10 thermal zones 
for building A and 8 compatible zones for building B 
since building A has an additional office space and 
aisle. The building calibration applied the uncertainty 
analysis procedure [7], considering varying 
occupancy and equipment loads. 

We selected four comparable spaces (Fig. 01) to 
place the data loggers (points 3 and 7 are receptions; 
4, 5, 8, and 9 are office spaces; 6 and 10 are cook-
rooms) and two outdoor locations (point 1 and 2), 
one microclimate-affected (point 2) and one not 
(point 1). Point 1 is in-between buildings and 
presents higher neighboring surface temperatures 
and albedo, while point 2 is wind-exposed and 
vegetation-affected. 

We divided the methodology into two branches. 
Section one concerns outdoor surveyed DBT and RH 
comparison with four standard weather files: TMY3, 
Multi3Year-Low, Medium, and High [4]1; i.e., TMY3 
(Typical Meteorological Year) is similar to a TRY (Test 
Reference Year) weather file that summarizes 
monthly data from different years to compile an 
artificial climate year [4]; the Multi3Year method 
presents a year with low temperature and radiation 
values (Multi3Y-Low), a year with high values 
(Multi3Y-High), and an average year (Multi3Y-
Medium). Normally, simulations applying Multiyear 
files run several times, according to compiled data. 
However, we use the Multi3Y-Low, Medium, and 
High separately to reduce computational demand. 

Section one applies EnergyPlus's Site Outdoor Air 
DBT and RH outputs for comparing simulated and 
surveyed data.

 
Table 1: 
Building components for walls and roof. Source: The Authors. 

indoor/outdoor walls and partitions roof 
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W/m²°C 

Ct 
KJ/m²°C 

so
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material Thk  
cm 

Ut 
W/m²°C 

Ct 
KJ/m²°C 

outdoor plaster 0.25 

1.83 11 

fiber cement 
sheet 0.80 

2.06 233 
ceramic 1.65 

air chamber 10.70 air chamber 0.25 
ceramic 1.65 concrete 10.00 indoor plaster 0.25 

 
1 Guimarães [4] created all four files using climatic data from UFV's 
automatic weather station, assembled by INMET [7]. Also, the 

Laboratório de Tecnologias em Conforto Ambiental e Eficiência 
Energética - LATECAE/UFV provides said files. 
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Figure 2: 
DBT and RH on Point 01, Point 02, TMY3, Multi3Y-Low, Medium, and High from March 8th to 12th. Source: The Authors. 

 

 

We selected TMY3 and Multi3Year files considering 
that the Multi3Year offers the most reliable 
simulation results for Viçosa, Brazil [4] but presents 
high computational costs, while TMY3 shows 
promising results with a single simulation. 
 

RMSE = √∑ (simulatedi − surveyedi)2N
i=1

N  

 

(1) 

where: RMSE - Root-Mean-Square Error 
simulatedi - predicted/simulation values 
surveyedi - surveyed data 
N - total number of observations 
 

For comparing the outdoor measured data, we 
adapted a methodology that assesses the highest 
overall variable (DBT or RH), the daily highest, the 
overall mean, the daily lowest, and the overall low, 
over a defined period (5 days) assembled into a 
boxplot graph [3]. We also applied the Root-Mean-
Square Error (RMSE) "Equation (1)" to select the 
weather file representing the outdoor DBT and RH 
best. 

Section two comprised the simulation process for 
both buildings using the best weather files selected 
in section one for each situation. We adopted 
EnergyPlus' Zone Air Temperature and Relative 
Humidity and compared the simulation results with 
indoor surveyed data for points 3 to 6 (building A) 
and 7 to 10 (building B). We reassessed the 
methodology adopted in section one, calculating the 
RMSE and presenting results as boxplot graphs. 
 
3. RESULTS 

Fig. 2 shows the DBT and RH for the surveyed 
data (points 1 and 2) and weather files TMY3, 
Multi3Y-Low, Medium, and High from March 8th to 
12th. For point 1, we observe that the highest 
discrepancy occurs with Multi3Y-Low with an overall 
RMSE of 3.05 for the temperature plot (Table2) due 
to the closeness with sun-exposed walls, concrete 
slabs, and other human-made materials. Higher 
surface temperatures influence immediate air 
temperatures, and consequently, weather files with 
lower temperatures should show higher 
dissimilarities.

Table 2:  
DBT (first section) and RH (second section) percent divergencies for survey data and weather files. Source: The Authors. 

 Point 1 x 
TMY3 

Point 1 x 
Multi3Y-L 

Point 1 x 
Multi3Y-

M 

Point 1 x 
Multi3Y-H 

Point 2 x 
TMY3 

Point 2 x 
Multi3Y-L 

Point 2 x 
Multi3Y-

M 

Point 2 x 
Multi3Y-H 

Min. DBT 2.27% 2.81% 8.21% 2.58% 3.26% 3.79% 9.13% 1.56% 
Mean Min. DBT 2.18% 4.80% 6.50% 4.23% 2.62% 5.22% 6.92% 3.77% 

Mean DBT 4.88% 9.93% 5.10% 1.06% 1.73% 6.94% 1.96% 4.41% 
Mean Max. DBT 5.29% 12.66% 1.83% 2.59% 0.81% 8.52% 2.82% 7.45% 

Max. DBT 9.28% 14.75% 7.02% 0.70% 2.14% 8.04% 0.29% 8.62% 
 

Min. RH 0.17% 14.10% 25.12% 0.17% 6.86% 6.44% 30.15% 5.86% 
Mean Min. RH 4.54% 13.56% 22.24% 6.19% 10.78% 6.14% 27.32% 12.32% 

Mean RH 0.62% 8.76% 2.39% 0.92% 3.03% 4.81% 5.93% 2.74% 
Mean Max. DBT 0.52% 4.02% 6.18% 0.66% 0.01% 3.49% 5.64% 0.14% 

Max. DBT 0.39% 2.50% 5.67% 0.14% 0.14% 2.25% 5.41% 0.38% 
Note: Colors represent deviation between the selected points and weather data. Colors closer to saturated green have smaller 
deviations, while the opposite is true for red. Comparisons between same DBT and RH (same line) classifications work best. 
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Figure 3: 
Overall max, daily highs, overall means, daily lows, and overall low DBT and RH comparison. Source: The Authors. 

  
Note: Information is according to headline, from top to bottom (overall max, daily highs, overall means, daily lows, and overall 
low).

The disparity happens due to a difference in the 
max temperatures of about 14.75%, which 
corresponds to almost 5°C dissonance (Table 2 and 
Fig. 3). For the RH analysis, the highest differences 
occur with Multi3Y-Medium, with humidity values 
25% lower and an RMSE of 11.59. 

Still, for point 1, the best results indicate Multi3Y-
High as the fittest weather file for DBT and TMY3 for 
RH, primarily due to the immediacy of human-made 
materials. However, RH in the Multi3Y-High is also 
very representative, with only a few divergencies 
compared to the TMY3. Fig. 3 shows the parallelism 
between point 1 and Multi3Y-High with maximum 
differences of 0.8°C.  

For point 2, the highest DBT divergencies also 
occur with the Multi3Y-Low, but with an RMSE of 
1.80. Daily highs differ at 3.7°C, which corresponds 
to an 8.52% incongruency that is still very 
representative, surpassing some point 1 
survey/weather data percentages. For the RH 
analysis, the discrepancy also occurs with Multi3Y-
Medium, with RH values 30.1% lower and an RMSE 
of 11.31 (still lower than the RMSE for RH in point 1, 
which can correlate to the surrounding vegetation, 
evapotranspiration, shading, and irrigation). 

The highest Point 2 similarities for DBT are with 
TMY3, with an RMSE of 2.21. Daily highs differ only 
0.2°C, and the highest variance is between the 
minimums with 0.6°C (Table 2 and Fig. 3). TMY3, 
Multi3Y-Low, and Multi3Y-High are comparable for 
RH, with a 4% humidity discrepancy at maximum. 
However, Multi3Y-Low should not apply due to the 
DBT divergence discussed above.  

Highlighting, according to França, Silva, and Carlo 
[9], and Guimarães [4], simulations with TMY3 
already presented lower statistical deviations, while 
Multi3Y-Low had higher RMSE. 

We employed the TMY3 and the Multi3Y-High 
(single simulation with no Medium and Low data) as 
weather files for both buildings based on the 
abovementioned results. Since building A is 
microclimate-affected (and therefore closer to point 
2 results), we hypothesize that TMY3 would perform 
better, while Multi3Y-High (most similar to point 1 
result, susceptible to building shading, surrounding 
impermeable paving, and wind- sheltered) would be 
the fittest for building B. 

Table 3 shows the RMSE for the selected thermal 
zones in both buildings. For building A, all RMSEs 
(DBT and RH) are lower for the TMY3 file.

Table 3: 
Indoor DBT and RH RMSE for each survey/simulation point. Source: The Authors. 

 RMSE for DBT RMSE for RH 
Bu

ild
. 

A 
File Point 3 Point 4 Point 5 Point 6 Point 3 Point 4 Point 5 Point 6 

TMY3 1.41 1.56 1.38 3.23 1.79 1.51 2.39 1.02 
Multi3Y-High 2.15 2.51 2.00 4.33 5.91 7.76 6.20 21.29 

          

Bu
ild

. 
B 

File Point 7 Point 8 Point 9 Point 10 Point 7 Point 8 Point 9 Point 10 
TMY3 1.27 1.21 1.47 2.38 7.84 8.04 11.08 12.71 

Multi3Y-High 0.80 0.93 1.37 2.37 7.14 7.48 9.91 11.84 
Note: abbreviations stand for: (Build.) building. The lowest RMSEs are highlighted in green.  
Figure 4: 
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Indoor overall max, daily highs, overall means, daily lows, and overall low DBT and RH for Building A. Source: The Authors. 

  

The highest discrepancy for DBT is in point 6, the 
cook-room, which we consider a possible modeling 
issue due to the surrounding vegetation 
evapotranspiration (not included in EnergyPlus 
modeling file). For the best-represented space (point 
5), the temperature differed 0.3°C at most; for point 
6, temperatures differed 0.9°C. 

Even though the Multi3Y-High performed worse 
than the former, RMSE is not among the worst 
results (up to a 9.0 RMSE for other weather files). 

For the same building, the RH simulation using 
the TMY3 showed the best congruency in all results; 
principally considering the proximity of the survey 
dates to a cold front and the lack of 
evapotranspiration simulation. The most divergent 
space is point 5, with an RMSE of 2.39 and RH values 
1.9% lower (Fig. 4).  

As we anticipated, the Multi3Y-High presents the 

best results for building B. The DBT RMSE is the best 
amongst all simulations with the highest deviation 
on point 10 (also representing a cook-room in the 
same orientation as point 6). Due to the low RMSE, 
air temperatures only vary between 0.2 and 0.4°C 
(Fig. 5). 

However, the RH analysis shows high RMSE for 
the file mentioned above and even higher deviations 
for the TMY3. We deduce that, even though the 
weather file represents accurate air temperatures, 
surface temperatures, wind speed, and wind 
direction, it does not account for the foliage 
specificities and anthropogenic irrigation of the 
selected sites. 

We also point out that we only considered 
vegetation as shading geometry, not accounting for 
evapotranspiration, which could increase RH values. 

 
Figure 5: 
Indoor overall max, daily highs, overall means, daily lows, and overall low DBT and RH comparison for Building B. Source: The 
Authors. 
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Fig. 4 and 5 show simulated results as lower than 
surveyed data, corroborating our analysis for both 
RH simulation values. 

Persistently, point 10 (cook-room) showed higher 
deviations with an RMSE of 11.84 for building B, 
corresponding to 9% to 12% lower RH values, which 
could be due to the surveyed dates being right after 
a cold front with a high precipitation rate. 

Since the TMY3 simulations showed the best 
overall results, we appoint the file as a standard 
selection for urban spaces, microclimate-affected or 
not, in Viçosa, Brazil. Even though a traditional 
Multiyear approach would perform one simulation 
for each file, we consider Multi3Y-High a possible 
selection for buildings in urban spaces, especially 
when away from vegetation (since humidity values 
are even lower than the TMY3), wind-sheltered 
spaces, and impermeable ground cover. We also 
point out that building A showed the best overall 
results because its surroundings were similar to 
Viçosa's weather station (approximately 1.5 km from 
the selected buildings and distant from 
anthropogenic interventions), which culminates in 
weather data more suitable for microclimate-
affected spaces. 

 
4. CONCLUSIONS 

This paper presented a process for selecting, 
analyzing, and adopting a correct weather file 
(among TMY3, Multi3Y-Low, Medium, and High) for 
microclimate and anthropogenic-influenced 
buildings and urban sites considering single 
simulation procedures for saving computational 
time and demand. 

We selected two institutional office buildings in 
Viçosa, Brazil, with similar floorplans but distinct 
surrounding conditions for surface temperatures, 
humidity through evapotranspiration and irrigation, 
and wind exposure.  

We performed indoor and outdoor on-site DBT 
and RH surveys, adopting the outdoor data for the 
weather file analysis and pre-selection. After 
conducting the RMSE calculations, we pre-elected 
the TMY3 and the Multi3Y-High as the fittest 
datasets. 

The TMY3 presented the best overall results and 
the lowest RMSEs for humidity in microclimate 
conditions. The Multi3Y-High showed better 
temperature results for the building with less 
surrounding vegetation but failed to represent the 
surveyed RH with an RMSE from 7.14 to 11.84, a 12% 
discrepancy between surveyed and simulated data. 

Prevailing, building A had better results due to 
the Viçosa's weather station's location, heavily 
vegetated, near water bodies, and away from 
anthropogenic interventions, influencing the 

weather datasets and creating biased weather files 
that best represent microclimate-affected spaces.  

Therefore, we demonstrate that the TMY3 and 
the Multi3Y-High present good results for both cases 
among the four weather files. The former best-
representing RH for microclimate-affected spaces 
and the latter DBT for urban spaces. Finally, if pre-
testing a weather file is not an option or 
computational demand is a limitation, we favor 
TMY3 as the most promising dataset since it does not 
require multiple simulations and presents the all-
around lowest divergences. 
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ABSTRACT: The growing challenges posed by climate change require a broader understanding of how buildings 
perform under extreme weather conditions. The potential of lightweight steel-frame (LSF) structures has been 
systematically investigated in laboratories, but there is few evidence of their actual behaviour on site. The paper 
presents a case study of a LSF building in Barnaul (RUS), focusing on its energy and indoor comfort performance 
during the cold season. Different simulation models, regarding building components as well as the whole 
construction, are compared to data collected from in-situ monitoring. The comparison between "as-designed" 
and "as-built" is complemented by a post-occupancy evaluation conducted through surveys. As a result: i) the 
actual building performance is in accordance with simulations, although an accurate calibration process is 
necessary; ii) the thermal bridges are confirmed as the main critical aspect of these structures: monitored 
performances are worse than expected; iii) thermal comfort perceived by the users is not in line with theoretical 
calculations: occupants behaviour and cultural values strongly affect the performance of the building; iv) the 
design of construction details is fundamental in this type of structures, especially when external climatic 
conditions are prohibitive. 
KEYWORDS: Building Simulation and Monitoring, Lightweight steel-frame structures, Thermal Performance, 
Extreme Climate Condition, Post-occupancy Evaluation 
 
 

1. INTRODUCTION 
New and recent challenges posed by climate 

change are driving the need to find new building 
technologies that can handle an increase in cooling 
and heating demand [1]. Situations with low 
potential for renewable energy production will 
become increasingly common, and greater climate 
resilience will generally be required [2].  

For this reason, it is nowadays essential to 
quantify the influence of extreme climate on 
demand trends and consequently on the design of 
buildings and energy systems. In this field, a 
considerable amount of literature has been 
published on the energy and environmental 
benefits of Lightweight Steel-Framed (LSF) 
constructions [3],[4]. Due to its flexibility of use, this 
material offers ease of fabrication and several 
recycling options, resulting in considerable life-cycle 
energy savings. Quick transportation and fast and 
convenient assembly allow also for mixed solutions 
that can adapt to different climates and locations 
[5]. Despite this potential, there remains a paucity 
of evidence on the actual on-site energy behaviour 
and indoor comfort level achieved in LSF residential 
buildings. Research on the topic has mostly been 

limited to the comparison of simulated models 
[6],[7]. The performance of LSF walls has been 
extensively analyzed, but only a few studies have 
systematically investigated the difference between 
simulations and monitored data in real buildings [8], 
[9]. Previously published studies on the effect of 
extreme climates in inhabited buildings are not 
consistent and none seem to consider real-time 
occupant feedback on the topic. 

As several cross-sectional studies highlight a 
significant gap between the "as-designed" and the 
"as-built" [10], this paper attempts to 
comprehensively describe the predicted and 
measured energy performance and post-occupancy 
evaluation (POE) of a partially prefabricated 
residential building in Barnaul (RU), providing an 
important opportunity to advance the 
understanding of the optimal energy design of steel 
framed elements in buildings under extreme winter 
weather conditions. 

 
2. MATERIALS AND METHODS 

In this section, the case study, the monitoring 
system, as well as the measured parameters are 
described. Furthermore, the characteristics of the 

 

simulation model, the calibration and comparison 
techniques between the simulated and monitored 
data are highlighted. Finally, the POE approach for 
gathering user feedback is outlined. 

 
2.1 The case study 

The case study is a steel-framed experimental 
house built in Barnaul (RU), southern Siberia (Fig.1-
2). The extreme climate conditions of the location 
expose the building to average monthly winter 
temperatures of -10°C in January (with lows of -
34°C) and average monthly summer temperatures 
in July of 21°C (with highs of +37°C). The building is 
equipped with energy and environmental sensors to 
monitor its behaviour 24 hours a day. 

 
Figure 1:  

Floor Plan of the building with envelope specifications. 
 

 
 
Figure 2:  
The building during and after construction. 
 

  
 

The building has two different vertical envelope 
solutions (Fig. 1-3), whose expected thermal 
performance (Tab. 1-2) was benchmarked and 
validated using temperature and heat flux 
monitoring data.  
 
Figure 3:  
The building walls: W1 (above), W2 (below) 

 

 
The roof and ground floor thermal transmittance 
are, respectively, 0.146 and 0.309 W/m2K. 
 
Table 1:  
Thermophysical properties of the wall W1. 
 
W1  
Layers 
(int. to ext.) 

s 
[cm] 

λ 
[W/mK] 

ρ 
[kg/m3] 

c 
[J/kgK] 

Plasterboard 2.5 0.2 800 836.8 
Insulated 
Counter-wall 7 0.072 101.24 1024.3 

Glasswool 8 0.035 35 1030 
Plasterboard 1.25 0.2 800 836.8 
SteelMAX® 
Structure + 
insulation 

10 0.067 143.78 1022.6 

Cement board 1.25 0.35 1150 836.8 
Total thickness [cm] = 30 
Total thermal transmittance [W/m2K] = 0.194 

 
Table 2:  
Thermophysical properties of the wall W2. 
 
W2  
Layers 
(int. to ext.) 

s 
[cm] 

λ 
[W/mK] 

ρ 
[kg/m3] 

c 
[J/kgK] 

Plasterboard 2.5 0.2 800 836.8 
Insulated 
Counter-wall 5 0.068 101.2 1024.2 

Glasswool 5 0.035 35 1030 
Plasterboard 1.25 0.2 800 836.8 
SteelMAX® 
Structure + 
insulation 

10 0.067 143.78 1022.6 

Cement board 1.25 0.35 1150 836.8 
EPS insulation 5 0.038 21 1260 
Total thickness [cm] = 30 
Total thermal transmittance [W/m2K] = 0.186 

 
The building is equipped with an underfloor 

heating system powered by a condensing boiler. A 
heat recovery mechanical ventilation system is 
installed to provide proper airflow rate while 
limiting the direct entry of the extremely cold 
external air through the windows.  

The monitoring system consists of: 
• Environmental sensors for indoor 

temperature, relative humidity, and 
CO2 

• Surface temperature sensors (internal, 
external and interstitial surface 
temperature of walls, floor and roof) 
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• Heat flux meter 
• Window opening/closing sensors 
• Heat consumption meter 
• Electric consumption meter 
• Weather station 

The designed data monitoring and visualization 
system provides remote access via the cloud to the 
measured data. From the web platform, any 
information can be downloaded in .csv format and 
then processed and analysed with any data analysis 
tool. 
 
2.2 Building performance simulation 

A simulation energy model was created and run 
in EnergyPlus™ to verify the consistency between 
predictions and actual observations. The model was 
calibrated for the winter period according to the 
guidelines of American Society of Heating, 
Refrigerating and Air-Conditioning Engineers 
(ASHRAE) [11]. The model calibration was 
conducted for each thermal zone by comparing 
simulated and measured energy consumption and 
ambient temperatures. Table 3 shows the results in 
terms of Normalized Mean Bias Error (NMBE) and 
Coefficient of Variation of the Root Mean Square 
Error CV(RMSE).  
 
Table 3:  
Model calibration calculated indices. 
 

Thermal zone NMBE(%) CV(RMSE) (%) 
Entrance 1.83 6.62 

Living Room + 
Kitchen -2.49 7.70 

Double room -2.94 8.35 
Twin room -1.33 6.74 
Bathroom 3.89 9.17 

According to [11] CV (RMSE) must be <30 and NMBE <±10 
 

To better comprehend temperature trends 
within the building components, on-site monitoring 
was coupled with finite-element simulation in 
THERM™. Particular attention has been paid to 
thermal bridges which can have a huge impact due 
to the high thermal conductivity of steel elements. 

Finally, the installation of the thermal heat flux 
meter on the north-east wall W2 has allowed the 
calculation of the thermal conductance of the wall 
to verify if the values predicted in the design phase 
are close to the real ones. Since in the transient 
state the surface temperatures of the wall change 
continuously, the value of the in situ thermal 
conductance was calculated using LORD software 
[12], which also considers the influence of the 
thermal capacity of the wall. 
 
 
 

2.3 The comfort survey 
 To evaluate the indoor comfort of the building, 

in parallel with the measurement of environmental 
conditions, a survey on the inhabitants' satisfaction 
with the environment was carried out. It was thus 
possible to establish a correlation between the 
users' responses and the expected comfort, 
calculated using Fanger's comfort theory [13]. The 
survey was administered to the inhabitants 
remotely, through the "Google Forms" service. 
After a few circumstantial questions about location, 
clothing, and type of activity conducted, the users 
were asked to state: 

• their own thermal sensation 
• the description of the environment from a 

thermal point of view; 
• their thermal preference (if they could 

have a change); 
• their acceptance of the environment from 

a thermal point of view; 
• (optional) the sources of thermal 

discomfort; 
• the description of the environment from 

an air quality point of view; 
• air quality acceptance; 
• (optional) the sources of discomfort 

related to air quality. 
The survey was conducted in accordance with UNI 
EN ISO 10551:2019 and UNI EN ISO 28802:2012. 
 
3. RESULTS AND DISCUSSION 

The simulation model, accurately developed in 
EnergyPlus™, can correctly forecast the indoor 
temperatures in the different thermal zones. The 
indices in Tab. 3 are confirmed by the graphs shown 
in Fig. 4. The temperature trend in the two 
bedrooms for two different winter weeks is shown 
as an example. 

 
Figure 4:    
Winter indoor temperature differences between the 
model and the real building: a) twin room b) double room. 
a) 

 

b) 

 
 
 

The model calibration process required 
considerable effort and time. It involves a large 
amount of monitoring data analysis and many 
hypothesis, often based on the modeler's 
experience, about several different parameters. In 
this case study, the most complicated assumptions 
involved occupancy, equipment, heating set-point, 
and air infiltration rate schedules. A relevant 
sensitivity analysis was conducted on all these 
variables. 

Once calibrated, the simulation model was used 
for comparative analysis. Different weather files 
were used to calculate the heating energy 
consumption of the building - unmodified in any of 
its components - in other locations with extreme 
weather conditions. The results of the analysis, 
although preliminary, are shown in Table 4. In their 
simplicity, the results show that there is no certain 
linear correlation between outdoor weather 
conditions and energy consumption, but that it is 
often how the building heating system is used and 
operated and the type of occupant that matter the 
most [14]. 
 
Table 4:  
Heating energy demand of the building for different 
extreme outdoor weather conditions. 
 

Location 
Heating design 
temperature* 

(°C) 

Annual 
Heating Energy 
demand (kWh) 

Barnaul (Russia) -32.7 12111.91 
Utqiaġvik (Alaska) -37.6 27281.99 

Mayo (Canada) -44.9 17445.59 
Jakutsk (Russia) -48.5 24357.07 

Unorganized 
(Greenland) -58.7 33412.71 

*The temperature in Celsius that ASHRAE recommends 
using to size a heating system to meet a building's 
sensible heating demand.  The value represents the 
coldest temperature of the year for which only 1.0% of 
the hours are below. 
 

Regarding the estimation of temperature trends 
inside the building walls, the simulation in THERM™ 
proves to be extremely reliable. As shown in Fig. 5, 

the temperature trends inside the W2 stratigraphy 
are totally consistent when the same boundary 
conditions are applied to the exterior and interior 
surfaces. 

 
Figure 5:  
Simulated (a) and monitored (07AM - 01/12/2019) (b) 
temperature trend in W2. 
 

a)   

 
b) 
 

 
 
The same software was then used to evaluate 

thermal bridges. Fig. 6 shows the horizontal section 
of the corner construction detail and the 
measurement points. In contrast to what was 
observed in the previous analysis, the expected 
temperatures differ widely from those measured in 
situ (Tab. 5).  

 
Figure 6:  
Thermal bridge: construction detail and temperature 
sensors position. 
 

 
 
Table 5:  
Comparison between the simulated and monitored 
temperatures at the thermal bridge. 
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 TMON-N2 (°C) TMON-N1 (°C) 
THERM™ simulation -11.8 +17.1 
14/12/2019 - 6PM +5.5 +17.2 
16/11/2019 - 5PM -11.9 +6.2 

10/02/2020 - 10AM +5.6 +17.1 
11/01/2020 - 3AM -11.9 +4.6 
06/02/2020 - 6AM +1.1 +12.6 

16/02/2020 - 11AM -4.6 +9.2 
*Boundary conditions:  
- external surface temperature: -12°C 
- internal surface temperature: 22°C 

 
It must be said that the analysis of a thermal bridge 
should take into account the thermal capacity of 
the wall that, in the finite-element simulation, is not 
considered, resulting in a less accurate simulation. 
However, the geometric thermal bridge is 
confirmed as an extremely sensitive point for steel-
framed structures. The collected monitoring data 
indicate a poor local energy performance with 
consequent unwanted heat loss and potential 
hygrometric criticalities.  

The analysis suggests that the primary load-
bearing structure should be decoupled from the 
interior counter-wall. To do this, at least 50 mm of 
lightweight, soft insulating material (rockwool or 
equivalent) must be placed between the two 
structures. This type of insulation, which is easy to 
install, can absorb any potential errors during 
assembly and prevent air leakage between the 
interior and exterior. To reduce thermal bridging, 
the distance between the mullions of the two 
structures (bearing and counter-wall) should be 
designed to keep them staggered and not aligned. 

Steel elements also have a strong influence on 
the thermal transmittance of the wall: the 
SteelMAX® structure and the interior counter wall, 
even if filled with rockwool, cannot be considered 
fully insulating layers. The wall is therefore 
modelled in THERM®. The calculated thermal 
transmittance was taken as a reference and the 
thermal conductivity values of the individual 
materials were modified accordingly (Tab. 2). For 
the W2 East wall, the theoretically measured 
thermal conductance is: 

• 0.145 W/m2K (neglecting the effect of the 
steel frame) 

• 0,192 W/m2K (considering the effect of the 
steel frame) 

The thermal conductance measured in situ and 
processed through the LORD application, equal to 
0.177 W/m2K, is right between the two theoretical 
values. This confirms both the validity of the 
calculation and, above all, the good performance of 
the structure. 

Regarding the entire building's thermal 
behaviour, a post-occupancy evaluation (POE) 
survey was conducted alongside the simulation and 

monitoring. The predicted mean vote (PMV) 
determined according to UNI EN ISO 7730:2006 was 
compared to the users' thermal sensation. The 
results are presented in Fig. 7. 
 
Figure 7:  
Correlation between calculated PMV and user thermal 
votes. 
 

 
 
The correlation is very weak: users rated neutral 
environmental conditions that have a PMV between 
-2.64 and 1.13. The number of responses, 17, is 
rather limited, making it difficult to draw 
conclusions. However, as other studies have shown 
[15], it can be stated that the theoretical calculation 
of expected comfort suffers from many limitations 
and that thermal sensation does not depend 
exclusively on measurable physical-environmental 
factors. 
 
4. CONCLUSION 

The paper describes the simulation, monitoring 
and POE of a lightweight steel-framed building in 
Russia, exposed to extreme climatic conditions. The 
goal is to test the building's thermal comfort 
performance and compare it to the design 
predicted values, helping to close a still wide 
literature gap. Several simulation tools have been 
used (Energyplus™, THERM™, LORD) and an energy-
environmental monitoring system (indoor and 
outdoor) has been installed on site. The POE was 
carried out by administering an online survey to 
users, which were requested to answer on different 
days and at different times of the day.  

The results show a good match between as-
designed and as-built. The simulation, when 
compared to the data collected from the on-site 
monitoring, proves to be reliable on many aspects. 
The calibration of predictive models, however, has 
shown to be crucial, and required time and 
essential skills. Through the calibrated model it was 
possible to assess the building's response in other 
contexts, even more extreme. It was also feasible to 
evaluate the impact of different variables on global 
energy consumption. In this case study the user 

 

behaviour, which affects the occupancy schedule, 
internal gains, and thermostat heating set-point, 
has represented the most relevant factor. The main 
differences between expected and actual 
performance are found in thermal bridges, a weak 
point of steel framed structures. The values 
measured on site deviate significantly from those 
predicted. This emphasizes the importance of a 
rigorous construction details design, as well as a 
proper components and building materials 
assembly and installation. The POE proved to be 
crucial in determining if the building meets thermal 
comfort users' needs. However, the study shows a 
lack of active participation by inhabitants, 
prompting researchers to consider alternative 
methods of collecting thermal preferences, less 
invasive and more user-friendly. The POE also 
emphasizes a socio-cultural aspect that should not 
be underestimated. The theoretical models of 
comfort with which users' votes have been 
compared to, are not tailored to occupants’ way of 
living: for example, the habit of keeping the heating 
system at 26 °C, which is common in this region of 
Russia, makes the PMV, the main parameter for the 
evaluation of indoor comfort, not suitable. As a 
result, it is highlighted how, in the future, it will be 
important to correlate the performance of buildings 
in extreme climatic conditions with the habits of 
people living in these places, which may vary and 
strongly affect the building's overall performance. 
Future developments of the article will include, also 
through the calibrated simulation model, more in-
depth analyses on the energy consumption of steel-
frame buildings, in order to better understand the 
environmental impact of indoor comfort 
requirements in such particular climates. These 
studies will also be able to better confirm the 
benefits and drawbacks of lightweight steel-frame 
structures, particularly in terms of their thermal 
inertia. 
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Impacts of architectural parameters on daylight 
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ABSTRACT: Design for daylight is important for energy-efficient, sustainable, and healthy housing. There is a growing 
awareness of the benefits of designing for human-centric, circadian lighting at home to provide natural light as a 
stimulus for regulating the biological clocks of inhabitants. This paper summarizes results of a simulation-based study 
of apartment unit floorplans that were evaluated for daylight availability and healthy lighting, testing various design 
options to see which met LEED v4.1 and WELL v1 requirements. Parameters tested included: eight unit orientations, 
varied window-to-wall ratio, different interior layouts, and varied interior finishes. The findings showed that even small, 
single aspect units can be optimized for daylight and healthy lighting and that unit aspect ratio is a key determinant 
for healthy lighting conditions. Unit aspect ratio must be limited to 1:3 or better. Moreover, balconies can act as 
beneficial shading for overlit unit perimeters. Light-coloured floor and wall finishes are more beneficial for healthy 
lighting and daylight. This study was part of a larger investigation of healthy apartment housing and future studies will 
include resident satisfaction using surveys and the influence of artificial lighting to build on the findings from this paper.  
KEYWORDS: healthy lighting, environmental simulation, Equivalent Melanopic Lux (EML), Daylight Availability (DA), 
apartment housing 
 
 

1. INTRODUCTION 
 There is a growing awareness of the benefits of 

healthy, human-centric lighting, which emphasizes the 
use of natural light as a stimulus for regulating the 
biological clocks of building occupants [1,2,3]. In the 
building industry, there are rating systems that assign 
credits for appropriate quantities of daylight availability 
and circadian lighting, such as LEED v4.1 [4] and WELL v1 
[5]. Recently, some studies have focused on trade-offs in 
design for daylighting and healthy lighting in office 
spaces [6,7] but design for residential environments 
remains understudied.  In this paper, typical multi-unit 
residential building (MURB) units in Toronto, Canada 
were compared. This typology typically consists of 
compact, deep floorplates with small balconies and are 
illuminated primarily from one side [8]. This paper 
analysed daylight availability and circadian lighting 
design potential in several design options for units using 
environmental simulation software. Artificial lighting 
was not considered in this type of dwelling as individual 
tenants select their own lighting for their units, thus 
making assumptions more challenging. The goal of this 
study was to identify design options and trade-offs that 
maximize daylight availability and human-centric lighting 
in MURB. Design options were evaluated using the LEED 
v4.1 Daylight Credit and WELL v1 Circadian Lighting 

Credit as standard criteria. The findings from this paper 
could be used to inform practitioners hoping to achieve 
LEED or WELL credits in MURB. This paper provides 
specific findings related to unit geometry, material 
finishes, and balcony designs. 
 
2. METHODS 

Climate-based daylight modelling (CBDM) was 
utilised to simulate daylight in dwellings [9,10]. 
ClimateStudio (CS) [11] and Adaptive Lighting For 
Alertness (ALFA) [12] software were used to generate 
simulations daylight and circadian effects respectively.  
Design options were evaluated using the LEED v4.1 
Daylight Credit criteria which uses Spatial Daylight 
Autonomy (sDA) [13] and WELL v1 Circadian Lighting 
Design Credit which measures the biological effects of 
light on humans using Equivalent Melanopic Lux (EML). 
This study did not assume automatic blind use, because 
this is not typical in MURB. This study was inspired by 
recent research relating to daylighting and residential 
design by Dogan and Park 2019 [14] which was critical of 
existing metrics for daylight availability in this housing 
type and the work of Nabil and Mardaljevic 2005 [15] 
who proposed Useful Daylight Autonomy (UDI) as a 
preferred way to understand “useful” light levels for 
residents.  

 

2.1 Modelling and Simulation Assumptions 
To reflect current trends of building construction in 

Toronto, Canada, MURB unit design options were 
modelled for the lighting simulations as one bedroom, 
single-aspect, side-lit volumes with a ceiling height of 
2400mm. To test interior daylighting conditions resulting 
from varied parameters, the base case for all modelled 
units included a fully glazed facade (100% WWR) with 
balconies modelled in a staggered façade arrangement. 
Each unit balcony was modelled with a glazed 
balustrade, allowing for maximum daylight penetration. 
Furthermore, units were modelled as clusters of nine to 
simulate the effects of the staggered balcony 
arrangement, which factor in impacts from adjacent 
units. Shown in Figure 1, the building context was 
modelled as a typical high-density neighbourhood in 
Toronto at the intersection of Yonge St. and Bloor St. 
East. A Toronto weather file was used in simulation. 

 
Figure 1: Context model with unit cluster enlarged. The unit on 
the bottom middle row was simulated. 
 

 
 
 
Table 1: Simulation assumptions  
 

 ClimateStudio ALFA 
Sensor Grid spacing 600 mm 600 mm 
Task plane  horizontal vertical 
Sensor height 760 mm 1200 mm 
Occupancy 8am-6pm DST n/a 

 
For the daylight availability simulations, this study 

assumed units were occupied 8am-6pm with Daylight 
Savings Time (DST) invoked, and produced annual 
simulations as required for LEED sDA analysis. However, 
for the healthy lighting simulations, point-in-time 
simulations were performed at 9am, 11am, and 1pm for 
both solstices and equinoxes to correspond with 

requirements of Feature 54 in the WELL v1 Building 
Standard.  An additional consideration was evaluated 
given that these are residential environments, and it 
makes sense to consider daylight before a ‘workday’ 
begins. Therefore, this study also examined the effects 
of daylight approximately one hour after sunrise for each 
point-in-time simulation.  

 
2.2 Unit Design Parameters Tested 

Previous research tested the impacts of design 
parameters on daylighting in MURB, including 
orientation and balconies [16]. Studies have also 
reported on healthy lighting with varying parameters for 
viewer and building orientation, window head height, 
and room depth [17]. Building on previous studies, the 
present study investigated the impacts of four variable 
parameters in this study: 

1. Unit orientation – 8 cardinal directions 
2. Window-to-wall ratio (WWR) – 40%, 60%, 

80%, 100% 
3. Interior layout – altered simulation grid 
4. Interior finishes – light, dark, colour 

Firstly, unit orientation was explored with respect to the 
eight cardinal directions. Secondly, window-to-wall 
ratios (WWR) were tested in 20% increments, starting at 
40% and ending with 100%. In this study, WWR included 
the glazed door and the window glazing that spanned 
the entire width of the facade. The WWR affected the 
depth daylight was able to penetrate into the unit, which 
also impacts circadian potential and daylight quantity. 
Thirdly, when investigating the first two parameters of 
orientation and WWR, the units were simulated using 
shoebox models without furniture or partition walls, and 
with the grid covering the entire floor area. However, to 
understand layout and finishes, it was decided to test the 
impacts of interior partitions and different space types 
(regularly occupied vs other spaces), and so different 
simulation grids and target areas were evaluated as 
shown in Figure 2.  This was inspired by the different 
rating systems such as the LEED v4.1 which specifies 
“regularly occupied spaces” [4] and WELL which specifies 
required lighting values for bedrooms, bathrooms, and 
rooms with windows [5]. This study assumed that only 
living spaces, bedrooms, and kitchens are regularly 
occupied spaces in MURB and as stated, this study 
required that all lighting come from daylighting. 
Although WELL includes bathrooms in its certification, 
these spaces were not counted as regularly occupied in 
this study as they are expected to achieve target values 
through electrical lighting, which is not evaluated in this 
scenario.  
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Figure 2: Units with different geometries, interior layouts and 
assumptions about ‘regularly occupied areas’.  

 
Fourthly, this study explored the effects of different 
material finishes on daylight availability and healthy 
lighting. Base materials for interiors are listed in Table 2. 
Typical neutral-toned finishes were selected for floors, 
walls, and ceilings. Finishes of varying colours or material 
are shown in Table 3. 
 
Table 2: Materials from the Radiance library used in the 
simulations. 

 
 ALFA CS 
Building Element Photopic

/T(pho)* 
Melanopic
/T(mel)* 

Rvis 
/Tvis* 

Wall 81.2% 76.8% 80.7% 
Floor 63.4% 58.3% 52.0% 
Ceiling 82.2% 77.4% 70.0% 
Balcony (floor) 82.4% 82.9% 82.4% 
Balcony (balustrade) 88.3%* 89.0%* 87.7%* 
Interior Door 78.9% 74.9% 86.0% 
Furniture (fabric) 83.3% 76.5% 56.1% 
Furniture (hardwood) 4.6% 4.6% 5.4% 
Furniture (kitchen) 85.2% 83.9% 85.2% 
Mullion 19.8% 19.9% 4.6% 
Glazing 70.1%* 70.1%* 69.6%* 
Ground 20.1% 19.1% 21.0% 
Context 20.0% 18.9% 20.0% 

 
Table 3: Darker interior finishes were tested to understand the 
impacts on healthy lighting  
 

 ALFA CS 
Element Photopic Melanopic Rvis 
Wall 7.8% 7.8% 7.8% 
Floor 10.7% 6.4% 7.7% 
Ceiling 5.1% 5.1% 5.1% 
Balcony (floor) 20.0% 18.9% 22.0% 
Interior Door 4.9% 4.3% 9.2% 
Furniture (fabric) 3.7% 4.0% 5.1% 
Furniture (hardwood) 4.6% 4.6% 5.4% 
Furniture (kitchen) 22.7% 12.4% 8.3% 

3. RESULTS 
The results from the simulations showed unit design 

options where the LEED Daylight Credit requirements 
are met, where requirements for WELL Circadian 
Lighting Design credit are met, and where both are 
achieved.  While both LEED and WELL allow lighting 
quantity to be from both daylight and artificial lighting, 
the present paper evaluated only based on daylight, 
given that assumptions for electric lighting in MURB 
should be considered unreliable given the fact that 
different tenants can install different fixtures. The study 
results are summarized in this section as four main 
findings in connection with the architectural parameters 
investigated. 
 
3.1 Evaluating Daylighting on Façade vs Units  

Existing studies [16,17] evaluated apartment units in 
daylighting simulations by modelling them as discrete 
shoebox models. However, a defining feature of MURB 
is that all units are connected with cohesively designed 
facades and floorplates. Thus, as noted in the Methods 
section, MURB units were modelled in clusters of nine. 
This allowed for simulations to account for the influence 
of adjacent unit balconies, which act as shading devices. 
Simulations were performed on the unit in the middle of 
the bottom row in Figure 3. 

 
Figure 3: Conventional shoebox unit versus cluster model 

 
 

By evaluating units with adjacent balconies on the 
façade, daylight availability and circadian values were 
determined in a more realistic way, and when compared 
to results from singular shoebox models, this resulted in 
values differing by +/- 5%. Moreover, an interesting 
finding about using the staggered balcony facade was 
discovered regarding WWR. For all 40% WWR units, ASE 
decreased by approximately 6-7% (Table 4). This is 
significant for practitioners interested in acquiring LEED 
v4.1, as a value of ASE below 10% is difficult to attain and 
required for certification. Having a 40% WWR can also 
aid in acquiring certification for the Toronto Green 
Standard, a local voluntary green building standard [18]. 
 

 

Table 4: Results of Annual Sunlight Exposure (%) of single 
shoebox (S) versus cluster (C) model – south orientations 

 
WWR 
Aspect 
Ratio 

40% 
  S | C 

60% 
  S | C 

80% 
  S | C 

100% 
  S | C 

1:1 17 | 10 20 | 23 24 | 23 26 | 27 
1:2 15 | 8 18 | 20 20 | 21 20 | 25 
1:2.5 11 | 4 14 | 16 17 | 16 17 | 18 
1:3   8 | 3 10 | 11 12 | 11 12 | 16 

 
3.2 The Need for Orientation-Specific WWR 
Configurations in MURB 

New MURB in Toronto are often designed with 
excessively high WWR on all facades [8]. Such high WWR 
in deep floorplans generally results in overlit perimeter 
spaces and overheating, with many spaces within the 
unit receiving inadequate daylight. For these reasons, 
varying WWR should be considered when designing the 
various facades and orientation of a MURB. In the 
studies examining building orientation, the simulation 
results were as anticipated, with south and south-east 
facing units acquiring the most daylight during the day, 
but also the most glare. Surprisingly, it was discovered 
that all units met the minimum requirement for LEED 
credits, although south and south-east facing units 
performed best (Table 5). This is also the case for 
circadian stimulus, with 100% of views south and 
southeast achieving at least 200 EML for all simulations 
9am-1pm so those units met LEED and WELL 
requirements. It was not so difficult to achieve the EML 
requirements in most units tested. Furthermore, It was 
discovered that all other orientations receive ample EML 
values for approximately 89-99% of views, with the 
exception of 1:2.5 and 1:3 units. As long as the unit 
aspect ratio is 1:2 or better, all orientations meet the 
WELL Standard requirement for Circadian Lighting 
Design. For 1:2.5 and greater, targeted EML values were 
not met solely in December. For LEED requirements, the 
unit aspect ratio must be 1:3 or better to satisfy 
requirements.  
 
Table 5: Best Daylight Autonomy results for units with varying 
aspect ratios with 100% WWR 

 
Aspect Ratio SE S 
1:1 100% 100% 
1:2 100% 100% 
1:2.5 100% 100% 
1:3 74.4% 73.7% 

 
WWR was tested in different variations with glazing 

centered at head-height (1200mm). Through altering 
WWR, it was discovered that EML values plateaued once 

reaching 60% WWR, with 100% of views achieving 200 
EML for all simulations 9am-1pm. Therefore, units that 
increase WWR beyond 60% do not necessarily improve 
EML levels. Results for daylight availability were as 
predicted, with ASE and DA decreasing as the window 
area is lowered. 

 
3.3 Impacts of Using Dark Finishes on Interiors 

In MURB, every unit is painted, furnished, and 
customised according to its owner’s preference, 
impacting the building’s overall performance. In this 
study, different materials were tested to see the impacts 
on lighting. We found surface material has no impact on 
ASE, assuming household finishes with typical 
reflectance values are used. However, the use of dark 
finishes (such as black paint) was found to significantly 
inhibit the DA of a space by 20-30% and the EML by 
approximately 30-50%. Thus, it was deduced that the 
penetration of daylight into a space is partially 
influenced by reflections, which is impacted by surface 
material. Figure 4 illustrates the differentiating qualities 
between light and dark finishes. 

 
Figure 4: Light interior finishes versus dark interior finishes 

 

      
 

In terms of colour, previous studies indicated that the 
spectral properties of light were influenced by not only 
transmission, but also by the reflective properties of 
architectural surfaces [19]. Thus, we tested the effects of 
yellow walls, blue walls, and dark flooring as visualized in 
Figure 5. It was determined that neither yellow nor blue 
painted walls had a significant impact on the daylight 
availability or circadian values of the unit. Yellow walls 
showed decreases of 2-5% and blue walls 5-15%. Dark 
floors had a similar effect to blue walls, with decreases 
of 5-15%. It is recommended that white/neutral finishes 
be applied to maximize daylight and circadian potential. 
 
Figure 5: Fisheye Images of coloured walls and darkened floor 
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3.4 Acceptable Scenarios for 1:3 Unit Aspect Ratios 
Orientation and aspect ratio were found to have the 

biggest impact on unit lighting.  In Toronto, Canada many 
units are 1:3 or 1:4 or even deeper so an aim of this study 
was to test the thresholds of unit depth, and what other 
parameters would need to be met to still achieve healthy 
lighting. It was found that a 1:3 aspect ratio unit (4m x 
12m x 2.4m) achieved adequate light levels in select 
scenarios. To satisfy both LEED and WELL requirements, 
a 1:3 unit would need to be south or south-east facing, 
with a near 100% WWR. This assumes the typical empty 
shoebox model, without consideration of interior 
partitions or furniture. The simulations that tested 
interior layouts with interior partitions and furniture for 
the 1:3 units failed to achieve required light and 
circadian values for LEED v4.1 and WELL v1.  

 
4. DISCUSSION 

The three main findings are summarized and 
discussed in this section.  
 
4.1 Significance of Design Decisions on Daylight and 
Healthy Lighting 

The results of this preliminary study showed the 
significance of architectural design parameters on the 
visual and non-visual effects of daylight in a MURB unit. 
For example, materials and colours used within unit 
interiors impact how light is experienced.  Units with 
dark surface materials resulted in reductions of DA by 
20-30% and EML by 30-50%. Although designers or 
inhabitants may want to apply dark surface finishes, they 
may not realize that they are preventing maximum 
daylight and healthy lighting qualities. An alternative to 
these options may be the use of coloured walls, which 
only impact daylight and circadian values marginally. It 
was also found that dark flooring is acceptable as it has 
no impactful effects on daylight.  

In the context of COVID-19, private outdoor space in 
the form of balconies is more important than ever [20]. 
In this study, small protruding balconies were modelled, 
and their arrangement on the facade was tested in a 
‘staggered’ arrangement, rather than one directly above 
the other. The staggered balcony arrangement resulted 
in decreases of glare in some orientations. This can be 
significant for designers when trying to mitigate visual 
discomfort in a building as the balcony acts not only as 
an extension of the unit interior, but also as a shading 
device. This may also be critical in acquiring an ASE value 
lower than 10% for achieving LEED v4.1 Daylighting 
credit. 
 
4.2 What is ‘well-lit’ at Home? 

Given that many MURB in Toronto and elsewhere are 
small and deep in plan, this study tested how deep a unit 

floorplan could be to still maintain good daylighting 
quality.  A finding was that there were some instances 
where 1:2.5 or even 1:3 aspect ratios in dwelling units 
provide acceptable daylight and circadian stimulus. Such 
units must be south-facing with high WWR (80-100%). To 
achieve certification for the LEED v4.1 Daylighting credit 
and WELL Circadian Lighting Design feature, “regularly 
occupied spaces” such as living rooms, bedrooms, and 
especially kitchens must be located nearest to the 
glazing, allowing for sufficient illumination and circadian 
stimulus during daytime hours. This study revealed 
upper thresholds that should not be exceeded to 
maintain healthy lighting. For instance, units with the 
study parameters that are deeper than 1:3 aspect ratio 
will not be acceptable for healthy lighting. As such, 
practitioners should be aware of the trade-offs between 
access to daylight and the financial pressures for more 
units per floor (and therefore deeper floorplans). 
Furthermore, the study findings relate to COVID-19 and 
how people are using their dwellings for a wide variety 
of tasks including exercising, teleworking, e-learning and 
other things.  Future studies should survey users to 
better understand what light levels people prefer and 
expect at home.  
 
Figure 6: Recommended lux values in a typical apartment unit  
 

 
 
4.3 Home Customization and Future Research 

Although simulation tools provide users with reliable 
approximation of daylight within a space, this study 
encountered inconsistencies that should be considered. 
For instance, personalization varies widely across units, 
as occupants have different preferences for unit 
interiors. Virtual models typically do not account for this 
variability in units nor the imperfections in surface 
material based on prolonged use. Future research in this 
field could focus on evaluating a variety of different 
layouts and furnishings with a higher degree of detail, 
potentially with information such as realistic occupancy 
schedules and interior furnishings provided by MURB 
occupants. Future studies can also incorporate electric 
and supplemental lighting alongside daylight to 
determine the circadian effects of light outside of peak 
daylight hours. 

 

Current daylighting metrics, such as Spatial Daylight 
Autonomy (sDA), are informative for evaluating 
commercial spaces. However, assumptions regarding 
these metrics make them less reliable for residential 
environments. In MURB, blinds are not automated, and 
a uniform target illuminance is not expected, as unique 
spaces require different illuminances. Thus, new 
daylighting metrics should be developed and tested, 
catering particularly to MURB. 
 
5. CONCLUSIONS 

This study evaluated daylighting and circadian 
potential of typical MURB units, to explore relationships 
between design parameters. Certain design options 
illustrated trade-offs between architectural features and 
daylight penetration. The findings showed that even 
small, single aspect units can be optimized for daylight 
and healthy lighting and that unit aspect ratio is a key 
determinant for healthy lighting conditions. Unit aspect 
ratio must be limited to 1:3 or better in order to achieve 
LEED Daylighting Credit and the WELL Circadian Design 
Feature. This study showed that balconies can act as 
beneficial shading for overlit unit perimeters. 
Furthermore, light-coloured floor and wall finishes were 
more beneficial for healthy lighting and daylight. This 
study was part of a larger investigation of healthy 
apartment housing and future studies will include 
resident satisfaction using surveys and the influence of 
artificial lighting to build on the findings from this paper.  
Future research could focus on evaluating a variety of 
different layouts and furnishings with a higher degree of 
detail, potentially with user input such as realistic 
occupancy schedules and interiors provided by MURB 
occupants. 
 
ACKNOWLEDGEMENTS 

This research was partly supported by a grant from 
the Dean’s Research Fund Undergraduate Research 
Opportunity Program at Toronto Metropolitan 
University. 
 
REFERENCES  
 
1. Veitch, J. A. (2015). Light for life: Emerging opportunities and 
challenges for using light to influence wellbeing. Information 
Display, 31(6). 
2. Figueiro M. G. (2017). Disruption of Circadian Rhythms by 
Light During Day and Night. Current sleep medicine 
reports, 3(2), 76–84.  
3. Brown, T. et al. (2022). Recommendations for daytime, 
evening, and nighttime indoor light exposure to best support 
physiology, sleep, and wakefulness in healthy adults. PLoS Biol 
20(3): e3001571. 
4. U.S. Green Building Council. (2019). Leadership in Energy and 
Environmental Design v4.1. LEED v4.1 | U.S. Green Building 

Council. Retrieved March 24, 2022, from 
https://usgbc.org/leed/v41 
5. International WELL Building Institute. (2019). “WELL v1 
Building Standard.” International WELL Building Institute, 
2019, www.wellcertified.com/certification/v1. 
6. Konis, K. (2017). A novel circadian daylight metric for 
building design and evaluation. Building and Environment, 113, 
22–38.  
7. Figueiro, M. G., Kalsher, M., Steverson, B. C., Heerwagen, J., 
Kampschroer, K., & Rea, M. S. (2019). Circadian-effective light 
and its impact on alertness in office workers. Lighting Research 
and Technology, 51(2), 171–183.  
8. Peters, T., Kesik, T., & O’Brien, L. (2019). MURB Design Guide: 
Enhancing the Liveability and Resilience of Multi-Unit 
Residential Buildings.  
www.bchousing.org/publications/MURB-Design-Guide-V2.pdf 
9. Reinhart, C. F., Mardaljevic, J., & Rogers, Z. (2006). Dynamic 
Daylight Performance Metrics for Sustainable Building Design. 
LEUKOS, 3(1), 7–31.  
10. Bodart, M., Kleindienst, S., & Andersen, M. (2008). 
Graphical Representation of Climate-Based Daylight 
Performance to Support Architectural Design. LEUKOS, 5(1), 
39–61. 
11. Solemma. (n.d.). ClimateStudio. Retrieved from 
https://www.solemma.com/climatestudio 
12. Solemma (n.d.). ALFA. Retrieved from 
https://www.solemma.com/alfa 
13. Illuminating Engineering Society of North America & Rea, 
2000. The IESNA Lighting Handbook: Reference & Application. 
Illuminating Engineering; 9th edition. 
14. Dogan, T., & Park, Y. C. (2019). A critical review of 
daylighting metrics for residential architecture and a new 
metric for cold and temperate climates. Lighting Research and 
Technology,51(2),206–230.  
15. Nabil, A., & Mardaljevic, J. (2005). Useful daylight 
illuminance: A new paradigm for assessing daylight in 
buildings. Lighting Research and Technology, 37(1), 41–59.  
16. Peters, T., Alkhalili, N., Kesik, T., & Brien, W. O. (2020). 
Challenging Conventional Approaches for Climate-Based 
Daylight Simulations of Multi-Unit Residential Buildings, 
Building Performance Analysis Conference and SimBuild 
September 29-October 1 2020, Chicago, Illinois. p. 103-110 
17. Altenberg Vaz, N., & Inanici, M. (2020). Syncing with the 
Sky: Daylight-Driven Circadian Lighting Design. LEUKOS - 
Journal of Illuminating Engineering Society of North America 
18. City of Toronto. (2022, January 21). Toronto green 
standard. City of Toronto. Retrieved March 24, 2022, from 
https://www.toronto.ca/city-government/planning-
development/official-plan-guidelines/toronto-green-
standard/ 
19. Inanici, M., Brennan, M., & Clark, E. (2015). Spectral 
Daylighting Simulations: Computing Circadian Lighting. 
University of Washington , Department of Architecture , 
Seattle , WA , USA ZGF Architects , Seattle , WA , USA. 
International Building Performance Simulation Association 
(IBPSA) 2015 Conference, 1245–1252. 
20. Peters, T., Halleran, A. How our Homes Impact our Health: 
Using a COVID-19 Informed Approach to Examine Apartment 
Housing, Archnet-International Journal of Architectural 
Research, Vol. 15(1), 2020, p.10-27. 



AN
ALYSIS AN

D M
ETHO

DS

AN
ALYSIS AN

D M
ETHO

DS

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

674 675

PLEA SANTIAGO 2022 
Wil l  C i ti es  Surv iv e?  

 

Data-driven design for climate adaptation 
Validating Ladybug Tools for street-scale microclimate design 
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ABSTRACT: Small, street-scale microclimatic design offers significant advantages in adapting to extreme 
temperatures expected due to climate change by improving the thermal comfort of outdoor urban space. This can 
improve health and wellbeing of city inhabitants, reduce energy demands and improve individual adaptive 
capacity to extreme temperatures. Designing, however, for outdoor thermal comfort is complex due to the 
dynamic nature of microclimate. Environmental simulation offers a tool to connect microclimate science to design 
but if used in design, is more likely to be applied to site analysis or evaluation of a project. This paper compares 
measured versus simulated surface temperatures to validate a workflow which relies on the parametric 
environmental analysis plugin for Rhino: Ladybug Tools to analyse the effect of a shading canopy on the thermal 
environment within a street canyon. Ground and Canopy surface temperature show a 0.868 and 0.901 r2 value, 
respectively, indicating good prediction capability from Ladybug Tools. Ladybug Tools interface with 3D modelling 
software Rhinoceros, fast simulation time and parametric capabilities facilitate a feedback process between 
microclimate science and design helping to embed microclimate into design practice.  
KEYWORDS: Outdoor thermal comfort, microclimate simulation, Ladybug Tools, shade canopy  
 
 

1. INTRODUCTION  
Outdoor urban space is as important to the 

survival of cities as the buildings it surrounds, 
providing not just connecting space but also a place 
for leisure, refuge, social and political life. In a post 
Covid world, urban outdoor space has taken on even 
greater value and new functions; entertainment, 
sport, education and important life celebrations, 
have moved (or returned) to the streets and city 
squares.  

Rising temperatures due to climate change 
alongside the Urban Heat Island significantly affect 
the usability of this space and thus the liveability of 
cities1. On a large-scale, climate adaptation 
measures may not succeed in counter-acting the 
predicted rise in urban air temperatures2. However, 
improving the microclimate and thermal comfort of 
outdoor urban space at the street scale can offer 
multiple advantages that can contribute to the 
overall resilience of a city to climate change. 
Comfortable microclimates improve health and 
wellbeing and reduce energy demands by 
encouraging people to spend more time outdoors.3,4 
Thermally comfortable outdoor space can also 
support a level of individual adaptation at the 
pedestrian scale by providing cool ‘refuges’ that 
allow citizens to find relief during extreme heat 
events.  

To design thermally comfortable outdoor space 
is complex, with multiple variables from physical 
surrounds, climate and the individual characteristics 
of users interacting to produce continually changing 

thermal sensations over time and across space. 
Designing for such a complex characteristic requires 
climate-responsive, data-driven design, grounded in 
a qualitative and quantitative understanding of how 
design decisions influence the microclimate of the 
space and the thermal experience of the user. 
Environmental simulation can provide a platform to 
designers to connect microclimate science & 
research to practice by allowing them to visualise 
site conditions and analyse and test the effects of 
projects on thermal comfort. If applied in the early 
stages of design, it becomes a tool to develop data 
driven design projects for climate adaptation.  

Much of the existing software for outdoor 
microclimate analysis, however, does not lend itself 
well to the design process, either requiring a 
prohibitive amount of time for preparation and 
analysis of the model or significantly restricting the 
scale and geometry that can be tested.5,6 This paper 
presents the validation of a microclimate model that 
uses design tools and easily accessible methods of 
data collection to analyse and visualise a 
microclimate mitigation design strategy on urban 
surface temperatures. A built design project of a 
shade parasol is used to study the effect of shading 
and materials on the thermal environment, 
providing a case study of one of the most simple yet 
effective methods of microclimate mitigation at a 
scale relevant to designers. 
2. CONTEXT 
2.1 Solar Radiation and Shading 

 

The shade parasol offers a valuable case study 
because the moderation of solar radiation in the 
urban environment can have significant impact on 
thermal comfort.7 Shade reduces direct heat gain by 
users as well as surrounding urban surfaces, directly 
improving thermal comfort both outdoors and 
indoors and reducing building energy use.8,9   As a 
design strategy, shade canopies can offer extreme 
flexibility in terms of design and installation and 
target the microclimate variable most sensitive to 
design intervention (solar radiation). They provide 
small-scale rapid adaptation strategies that can be 
easily implemented in pre-existing urban areas and 
easily adapted to the local space. As such they 
represent one of the most common strategies used 
to improve outdoor thermal comfort.    
 
2.2 Microclimate Simulation 

The model uses Ladybug Tools (LBT)10 a plugin for 
Grasshopper of Rhinoceros 3D11, that is already 
widely used in design offices. Recent studies have 
found acceptable similarity between EnviMet 
(considered most accurate for outdoor microclimate 
modelling) or field measurements and LBT in 
assessing thermal comfort at the neighbourhood 
scale.12,13 The greatest advantage it offers over other 
microclimate modelling software is the parametric 
capabilities: once validated, the model can be used 
to test multiple design parameters such as canopy 
dimensions, or material properties; as well placed in 
different street forms and climates, without re-
modelling. Being parametric, the set up allows for 
the designer to adjust the type of analysis needed for 
the project. Thus, radiation studies, energy 
modelling or Computational Fluid Dynamics analysis 
may be run separately, and different outputs 
collected and visualised, from irradiance values to 
UTCI index. With this flexibility, the simulation time 
can be extremely rapid in comparison to other 
microclimate simulation software creating a 
feedback process between design and effect that 
allows the designer to gain a strong understanding of 
the microclimatic impact of their design. There is also 
very little restriction on the 3D geometry modelling 
allowing for the analysis of small-scale projects and 
fine detail. As such the tool facilitates an important 
iteration/evaluation process in the initial stages of 
design. 

The downside of such flexibility can result in 
unreliable results if the designer does not 
understand the data needed, the parameters they 
are changing, or what kind of analysis is necessary.   
There is a balance to find in the use of Ladybug tools 
for microclimate simulation, however, the need for 
greater climate sensitivity in design versus complete 
accuracy weighs in favour of a rapid visualisation 

tool, that when supported by an active forum and 
detailed resources can offer a powerful design tool.  

 
3. METHODOLOGY 

Figure 1 illustrates the workflow to set up the 
microclimate model for calibration and illustrates 
the next steps for use as a design tool. The workflow 
was adapted from two example scripts used to 
simulate UTCI in a street canyon, and surface 
temperatures underneath a tree canopy.14,15 Both 
environmental monitoring and modelling are 
combined in the workflow: the exact process 
followed is explained further in Section 4 using a 
shade parasol as case study.  

Surface temperatures are the selected data for 
validation. While LB (radiation analysis) alone could 
be sufficient for understanding the microclimatic 
effect of shading strategies in the initial stages of 
design, this analysis focuses on simulating surface 
temperatures through HB because they are a 
relatively simple data type to collect and, they 
provide a common unit of information in 
understanding the effect of materials and shading on 
thermal comfort, as well as linking outdoor and 
indoor conditions.  This is particularly relevant where 
materials such as photovoltaics, or ‘cool materials’ 
are used because their use results in significantly 
different surface temperatures when compared to 
ambient temperature.  If modelled solely as a 
‘shade’, the canopy would be assumed to follow the 
surrounding air temperature.   

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. CASE STUDY 

Figure 1| Ladybug Tools Microclimate design workflow 
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The case study is a redesign of the traditional 
beach umbrella, incorporating a foldable parasol 
integrated with thin film amorphous silicon 
photovoltaics. It measures 2.51m high with a 3.16m 
diameter and was developed by design firm Carlo 
Ratti Associati (CRA), for an installation in Milan to 
provide a ‘cool’ leisure space in one of the city’s main 
parks during August. 

 

 
Figure 2| Canopy installation and sensor set up at test site 
 
The parasol was installed at CRA’s factory (fig. 2), 
located in a mixed industrial/residential area 
northeast of Turin centre (lat: 45.1° N, 7.7° E). The 
site itself is a narrow ‘canyon’ bordered by a cement 
wall with an overhanging walkway on the western 
edge, and the factory on the eastern edge. The 
ground is a cement grid infilled with soil and sparse 
grass. The photovoltaics were not active during 
monitoring. 
 
4.1 Monitoring 

Data on ground temperature, the 
temperature of the underneath layer of the canopy 
and air temp, relative humidity and wind speed were 
collected to calibrate the model. Fig. 3 shows the 
location of sensors while the exact equipment and 
corresponding standards16 are presented in Table 1. 
Standards for measuring outdoor thermal comfort 
don’t exist, however, the sensors used comply or 
come close to compliance with those used for 
indoors. The anemometer was compared against a 
validated anemometer for verification since 
specifications were not provided. 
 
Table 1 | Sensor specifications used in measuring 
outdoor microclimate variables. 
 
 
 
 
 
 
 
On the day of testing (17th September 2021) the 
weather conditions were clear and dry with no 

precipitation in the preceding days. From 10.00 to 
18.00 hrs measurements were taken at five-minute 
intervals. Soil composition, cloud cover and shading 
patterns were also observed. 

 
4.2 Modelling 

Grasshopper is used to link 3D modelling of 
the site to LBT. The radiation analysis and energy 
modelling functions of LBT were used for the 
analysis: Ladybug (LB), to analyse climate data, 
create a shade map for comparison with field 
observations and visualise results; and Honeybee 
(HB), which creates an interface between the 
grasshopper/rhino platform and validated building 
energy modelling engine, EnergyPlus (EP)17 to 
calculate surface temperatures of modelled thermal 
zones. 
 
4.2.1 Climate Data 

The local area weather file, in EnergyPlus 
weather format (EPW) can be downloaded through 
LB by connecting to a database of the world’s 
currently available opensource weather data.18 The 
collected site data alongside cloud cover 
observations were used to find the best matching 24-
hour period in the EPW file.  The epw air temp, RH 
and wind speed were replaced with the collected 
data and solar radiation values kept in order to 
calibrate the model to the specific local conditions of 
the site. EP also relies on the EPW file for the warmup 
period of the simulation, using weather data from 
the previous days until convergence is reached, from 
a minimum of 6 up to 25 days. 
 
4.2.2 Geometry 

Surrounding built form and ground geometry 
were modelled parametrically in Grasshopper, based 
on observations and measurements taken physically 
at the site and through GoogleEarth’s 3D modelled 
buildings. A shading map generated by LB’s ‘Incident 
Radiation’ component was compared to photos of 
modelled vs real geometry. The geometry to be 
evaluated for surface temperatures was converted 
to separate thermal zones with the outdoor exposed 
surfaces of the ground and canopy broken into small 
grids of 0.5m in order to capture the shading effects 
of small-scale geometry. 

 
4.2.3 Materials 

Construction materials were based on those 
defined in the EP constructions database or, for the 
case of the non-standard surfaces, derived from data 
collected on site, specific references found in 
literature or general theory when an exact reference 
could not be found (type and corresponding 
references indicated in Table 2 & 3). Two specific HB 
components: ‘Opaque Material No Mass’ and 

 
Variable Sensor Range Accuracy 

ASHRAE 
55  

Air Temp °C AHT20 -40 to +85 ±0.3 ±0.2 
Rel. Humidity 
% AHT20 0 to 100 ±2 ±5 

Wind Speed 
m/s 

WH-SP 
WS01 unknown* unknown* ±0.05 

Canopy Temp 
°C Mlx90614 -40 to 125 ±0.5 ±1 

Ground Temp 
°C 

Tiny Tag  
Plus 2 -40 to +85 ±0.01 ±1 

 

‘Vegetation Material’ were used to represent ground 
and canopy.  Default values embedded in the 
component were used where the value was 
unknown. The underside canopy layer is not included 
since a 1mm layer of PVC coated polyester would 
have very little effect on the thermal transmission of 
the PV layer and therefore negligible effect on 
surface temperature. This was confirmed in the 
simulation once calibrated. 
 
Table 2| Assigned Canopy material properties 

Properties Amorphous silicone photovoltaic 
R-value (W/m.K) 0.221 

Roughness Very Smootho 
Thermal Absorptivity 0.219 
Solar Absorptivity 0.8519 
Visible Absorptivity 0.8519 

 
Table 3 | Assigned ground material properties 

Properties Grass & Moist Clay Soil 
Plant Height (m) 0.05 o 

Leaf Area Index 0.75o 

Leaf Reflectivity 0.22d 

Leaf Emissivity 0.95d 

Soil Reflectivity 0.3d 

Soil Emissivity 0.9d 

Stomata resistance (s/m) 180 d 
Thickness (m) 0.2 o 
Conductivity (W/m-K) 320 
Density (kg/m3) 200020 

Spec. Heat Capacity (J/kg-K) 150020 

 
o = observed        d = default          # = reference 
 
4.2.4 Energy Loads 

The buildings were assigned default construction 
and energy load schedules for a warehouse (bottom 
floor) and medium office (remaining floors) based on 
the EP database. Ground was converted to zero 
loads through the ‘Make Ground’ Honeybee 
component and the canopy also converted to zero 
energy loads through ‘Plenum Zone’ component.  

 
4.2.5 Canopy Thermal Zone 

To successfully run in EP, all thermal zones must 
be closed ‘rooms’ composed of planar surfaces. This 
results in an enclosed volume of air within the zone 
and limit on the minimum thickness of the zone. To 
work around these limitations the canopy was 
modelled as the roof of a thermal zone, consisting of 
walls with 95% surface area made up of ‘windows’ 
scheduled to remain open at all times (Fig. 3) In this 
way the canopy could be modelled without an air 

gap that could affect heat transfer and with the 
representative thickness of 3mm. 

 
Figure 3| Canopy modelled as roof of enclosed room 

 
4.2.6 Simulation Parameters 

The model was connected to EP with a 24-hour 
analysis period of 12 timesteps/hr (5-minute 
intervals) and polygon counting for shadow 
calculation method. All other parameters were left 
as default. Surface temperatures and surface energy 
flow were specified outputs. The run time is 
approximately 5 minutes on a laptop computer with 
intel core i7-1065G7 and 1.30Ghz CPU. Once 
validated and run with 1 timestep/hour simulation 
time can be further reduced significantly. 
 
4.2.7 Visualisation  

The outer surface temperatures were extracted 
for the entire model and visualised through ‘HB 
colour faces’ component on the Rhino 3D model. 
This can then be displayed as average outer surface 
temperatures or surface temperatures for every 
time step of the analysis period.   Further analysis 
and visualisation were performed by selecting the 
grid face of the canopy and ground surface 
corresponding to the sensor locations on the site. 
The values for the 24-hour period were then 
extracted through Ladybug data analysis 
components and exported to a csv file to be 
analysed. 

 
5. RESULTS 

As the results in Figure 4 and Table 4 below 
indicate, simulated temperatures for both canopy 
and ground can be considered acceptable for the 
purposes of design comparison with an R2 value of 
0.86 for ground and 0.9 for canopy. Temperatures 
followed measured data closely up until 12H, where 
slightly higher peak temperatures were reached 
both by the simulated canopy and ground. As 
temperatures decrease around 15H, greater 
agreement is reached in ground temperatures while 
canopy temperatures remain up to 10K higher. The 
Table 4| Coefficient of determination statistical tests for 
measured vs simulated temperatures. 

  Ground Canopy 
R2 Value 0.868 0.901 
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rapid gain in temperatures can be attributed to 
direct solar radiation reaching the sensor points both  
in the simulation and at the test site indicating the 
major role direct sun plays in surface temperatures.  
The differences between simulated and observed 
temperatures could be due to the inaccuracy of the 
material property inputs. The reliance on mostly 
EPW weather data, particularly the radiation values 
could also have affected accuracy of the simulation. 
To be further investigated, is the reason for the small 
peaks between 15H and 17H for both canopy and 
ground simulated temperatures and the increase in 
simulated canopy temperature in late afternoon 
(probably related to modelling the canopy as a room) 
Measured Canopy results show errors in the sensor 
set up encountered during the morning due to a 
faulty wire connection.  
 
6. DISCUSSION 
An effort was made to simplify the modelling and 
simulation process to maintain user friendliness, 
with as many inputs as possible left as default. 
Canopy geometry and materials carry the most 
complexity for the user and can significantly affect 
accuracy of results. EP provides many pre-defined 
materials and constructions based on standard 
buildings, however, when applying non-standard 
materials such as photovoltaics, custom properties 
need to be derived either from literature, 
measurements or theory. The use of the ‘No Mass 
Opaque material’ component allowed for the 
representation of a very thin material, requiring only 
five defined properties, simplifying the process of 

simulating canopy materials with unknown thermal 
properties. However, despite the more simplified 
inputs, this stage adds extra complications for the 
user, requiring knowledge in areas not usually 
familiar to architects and urban designers.  
 

Other parameters with noticeable effects 
on results included time steps, context building 
heights and orientations and the analysis grid size. In 
a more exposed site, where wind speeds are greater, 
CFD or more detailed wind speed measurements 
may also be needed to provide a more accurate 
representation of the effect of wind.    

 
It is recommended that, to create a more 

direct connection between designer, design, 
microclimate and user, the model, once validated, is 
used to calculate more communicative indices, such 
as the UTCI, which can be calculated using LBT 
components. A further step in this research would be 
to use the calibrated model in designing an 
optimised shade canopy design for thermal comfort, 
and in testing its effect in different microclimatic 
contexts thus linking microclimate to design. 
 
5. CONCLUSION 

The described methodology, using already 
established design software for simulation, paired 
with field measurements, was adopted in order to 
assist in an in-depth analysis of the shade parasol 
case study and provide an example of how design 
and microclimate can be linked. The software is 
parametric with extremely rapid processing time and 

Figure 4| Measured vs Simulated Surface Temperatures for Shade canopy case study using Ladybug Tools 

 

this, in addition to the Arduino sensor kit allowing for 
easy and localised data collection, provide an 
accessible design tool that allows designers to study 
how both material and shade contribute to thermal 
comfort in urban settings. 

The simulation can be used to optimise 
microclimate strategies such as shade canopies and 
through careful assignment of accurate material 
properties, to understand the effects of more 
advanced cool materials, photovoltaics and double 
skin structures that are beginning to be applied to 
urban surfaces as climate adaptation measures. The 
speed of simulation and additional scheduling and 
optimisation capabilities that LBT and native 
Grasshopper components allow also means 
responsive structures that adjust to environmental 
conditions throughout the day can be modelled 
allowing further design development of this fast-
growing field. 
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ABSTRACT: This paper studies the wind climate that is created at the pedestrian corridor between two high-rise 
buildings in the Mediterranean climate of Tel Aviv. High-rise buildings affect the microclimate around them and 
at pedestrian level affect the activities that take place there. The topic of urban winds and high-rise buildings is of 
special interest, since buildings that are considerably higher than their surrounding urban canopy, block wind and 
deflect it at higher speeds down to street level. The focus is on outdoor pedestrian thermal comfort towards the 
realization of successfully designed outdoor urban spaces, a topic that currently lacks the scientific background 
that it requires. The methodology used spot measurements, micro-meteorological weather stations, and field 
studies. Questionnaires were handed to people occupying the pedestrian corridor between two high-rise buildings, 
documenting their thermal perception of the area, while the local environmental conditions were being recorded. 
Results confirmed a locus specific microclimate at the base of the high-rise buildings. The importance of field 
studies is especially emphasized in the understanding of outdoor thermal comfort, with this case study revealing 
different behaviours according to seasonal variations that point out the need / necessity for the establishment of 
seasonal design strategies.  
KEYWORDS: Wind climate, high-rise buildings, outdoor pedestrian thermal comfort, field studies 
 
 

1. INTRODUCTION  
The Covid-19 pandemic required social 

distancing brings the realization that public open 
spaces may have a much more prominent role in 
daily life than previously considered, pointing out 
the importance of their appropriate design within 
the urban fabric. High-rise buildings affect the 
microclimate around them, not least at ground level 
and, as a result, also affect the pedestrian activities 
that take place there. Buildings that are considerably 
higher than their surrounding urban canopy, block 
wind and deflect it at higher speeds down to street 
level. This phenomenon becomes especially 
problematic when dealing with public open spaces. 
The increasing numbers of high-rise buildings within 
the urban environment bring into focus the nexus of 
high-rise buildings, urban public spaces and outdoor 
thermal comfort. A sustainable urban future with a 
number of high-rise buildings needs to carefully 
consider the above relationships, in order to create 
a vibrant pedestrian realm. This paper studies the 
urban microclimate in the pedestrian corridor 
between two high-rise buildings in the 
Mediterranean climate of Tel Aviv, Israel. The focus 
is on the wind climate that is created between the 
towers at ground level, and its effect on pedestrian 
thermal comfort according to seasonal variations 
based on field surveys. 
 

2. URBAN WINDS AND PEDESTRIAN COMFORT 
Successfully designed outdoor spaces invite 

people to stay outdoors, while they promote social 
interaction through cultural and recreational events 
(Stender & Walter, 2019). However, outdoor thermal 
comfort is a multi-faceted subject that depends on a 
number of parameters not easily quantifiable 
(Coccolo et al., 2016). Regarding thermal comfort 
and environmental variables, the underlined 
differences between indoors and outdoors are 
significant, e.g., air velocities. For example, a light 
breeze outdoors may be defined as comfortable 
while exceeding the velocities defined as 
comfortable indoors (ASCE—American Society of 
Civil Engineers, 2003). Regarding urban winds, while 
their effect on buildings is highly analysed today and 
summarized in international wind loading building 
codes and standards (Robertson & Naka, 1980), the 
topic of urban winds and pedestrian comfort lacks 
the same level of detailing, while no universal wind 
comfort criteria for pedestrians exist to-date. 
Current standards are based on research studies 
(field studies and thermal simulations) (Blocken et 
al., 2016; Melbourne & Joubert, 1971), while 
guidelines on how to evaluate these are also lacking 
(Johansson et al., 2014).  

In regards to urban winds and tall buildings, 
currently there are recorded examples of people 
having difficulties retaining their balance at 

 

pedestrian level of tall buildings when wind speeds 
escalate to 10m/s, while  in Great Britain gust speeds 
that reached 25m/s resulted in the death of two 
older women (Lawson & Penwarden, 1975; 
Melbourne & Joubert, 1971). The establishment of a 
safe and comfortable outdoor environment for 
pedestrians is a must, validating the need of further 
studies, especially in relation to potentially 
problematic situations, like the ones created on the 
ground level around high-rise buildings. 
 
2.1 Pedestrian Wind Comfort 

Currently, NEN 8100, 2006 in the Netherlands is 
the only code on pedestrian wind comfort 
assessment. Up-to-date data from meteorological 
stations in the Netherlands in combination with 
detailed roughness mapping, assist planning 
professionals in successfully incorporating wind 
comfort into building design (Willemsen & Wisse, 
2007). However, in different countries different 
comfort criteria become applicable. In addition, 
while there are a number of thermal comfort 
indexes, e.g., Fanger’s, PET, etc., commonly agreed 
criteria see no human discomfort with wind speeds 
up to 5m/s, unpleasant feelings from 5-10m/s, 
strongly unpleasant feelings above 10m/s, and the 
possibility of danger beyond that. These findings are 
mainly based on computer simulations, wind tunnel 
tests, and on-site monitoring.  

However, pedestrian wind comfort is a 
multifaceted matter and involves the combination of 
mechanical and thermal effects of wind on people. 
Mechanical effects describe the effect of wind force, 
while the thermal ones are a combination of 
physical, physiological, and psychological 
parameters of people’s comfort conditions  
(Nikolopoulou & Steemers, 2003). Examples of the 
above refer to a person’s age, weight, surface area, 
physical fitness, physiological acclimatization and 
cultural background (Chen et al., 2015), as well as 
environmental variables not easily measurable or 
controlled, like  mean wind and gust speed and 
duration, dry bulb temperature, relative humidity, 
and more. In addition, it becomes relevant to 
physical activities, where for example, walking, 
sitting down, and relaxing, have a completely 
different effect.  

Conventional thermal comfort theory describes 
thermal comfort as the condition of the mind that 
expresses satisfaction with the thermal 
environment, assessed by subjective evaluation 
(Coccolo et al., 2016; Gehl, 2011). As far as outdoor 
thermal comfort is concerned, while seasonal 
variations and weather conditions play an important 
role, people’s perception is also based on their 
psychological state. A study on outdoor thermal 
comfort conducted in Tel Aviv between an urban 

park, an urban square and a street canyon, revealed 
that the thermal tolerance of the interviewees was 
the lowest at the urban park, probably due to their 
higher expectations for better conditions there 
(Balslev et al., 2015).  

Therefore, on the road towards understanding 
outdoor thermal comfort, above and beyond the 
important tools used such as micrometeorological 
instruments and experimental design, the value of 
empirical data through field surveys is pivotal as it 
enriches the understanding between microclimatic 
and comfort conditions that can lead to successful 
urban design decisions. Empirical data studies have 
been increasing in recent years, but their current 
numbers are still not sufficient for developing 
strategies on outdoor thermal comfort (Andrade et 
al., 2011; Matzarakis et al., 1999). This study focuses 
on the accumulation of empirical data as an 
important parameter in the formation of outdoor 
thermal comfort guidelines.  

 
3. METHODOLOGY 

In situ micro-meteorological stations (HOBO USB 
Microstation H-21) were installed for a summer and 
a winter day (24hrs) in the pedestrian corridor 
between two high-rise buildings in Tel Aviv recording 
wind and gust speed (m/s), wind direction (degrees), 
relative humidity RH (%) and temperature (°C) 
(Figure 1). Gust wind speed refers to smaller 
duration wind speed fluctuations, lasting 2-3 

 
Figure 1: (Top left) view of micrometeorological station; 
(Top right) view of case-study high-rise buildings; (bottom) 
view of pedestrian corridor at pedestrian level of the high-
rise buildings 
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seconds, and it’s their maxima that people feel the 
most, while velocities usually reach twice the ones of 
wind speed (Hunt et al., 1976).  

Tel Aviv has a Mediterranean climate (Csa) and is 
located in Climatic Zone A in Israel that refers to a 
coastal, hot and humid climate. Average annual 
temperatures range around 20C, with the lowest 
averages of 13C in January and the highest of 27C 
in August. Annual relative humidity is high 
throughout the year with averages between 60-70%. 
Wind speed has a W / NW orientation and averages 
range between 3-5m/s. Global radiation may reach 
3.43 MJ/m2 in the summer, and 1.53 MJ/m2 in winter 
(Bitan & Rubin, 1991). Tel Aviv is characterized by its 
long summer period that spans from about mid-
March to the end of October that, in combination 
with the high relative humidity, may cause thermal 
stress conditions during the months of July and 
August.  

In addition to the collection of micro-
meteorological data, spot measurements were 
conducted in the streets surrounding the high-rise 
buildings, to gain a better understanding of the wind 
stratifications between the pedestrian corridor of 
the high-rise buildings and the surrounding areas. 
For the spot measurements LUTRON LM-8102 
professional environmental measuring instruments 
were used certified with ISO-9001, CE, and IEC1010. 
The thermal perception of the people visiting the 
corridor was obtained through the use of 
questionnaires alongside with the microclimatic 
recordings. 

The 24-hours study period commenced from 
12:00 on day one, to 12:00 the following day, while 
questionnaires were administered mainly between 
12:00-20:00, and 06:00-12:00, both for the winter 
and summer days. The focus was on lunch time hours 
when the area is mostly occupied. While there were 
challenges accommodating this part of the work 
within Covid-19 constraints, the surveys took place 
when restraints were lifted. The authors consider the 
numbers of completed questionnaires as accurate 
and representative of the people frequenting the 
pedestrian corridor under study.  

 

3.1 The thermal comfort questionnaires  
The thermal comfort questionnaires required a 

variety of information relating to people’s 
demographic data, such as age and gender, as well 
as questions relative to their thermal adaptation. 
More precisely, they indicated whether or not they 
were in a conditioned environment beforehand and 
for how long, what is their familiarity with the site, 
e.g., how often they visit there, activity level at the 
time they were interviewed, for how long they 
occupy the area, and what is their level of 

acclimatization with the local climatic conditions, 
e.g., timeframe of residency if they are not local.   

The aim of the following section of the 
questionnaire was to document the interviewees’ 
thermal sensation while the meteorological stations 
were recording the environmental data, i.e., air 
temperature, wind speed, and relative humidity.  
The effect of solar radiation was not taken into 
consideration as the pedestrian corridor is mostly 
shaded, especially during mid-day when pedestrian 
activity is high. People’s perception of the thermal 
environment was evaluated through a thermal 
sensation scale, comparable to the conventional 
ASHRAE 7-point TSV scale (American Society for 
Heating Refrigerating and and Air-Conditioning 
Engineers in America, 1989), for temperature (very 
cold, cool, neutral/pleasant, hot, very hot), wind 
speed (no wind, weak, neutral/pleasant, strong, very 
strong), and humidity (very dry, dry, 
neutral/pleasant, humid, very humid) (Table 1). The 
interviewees responded how they feel at the time of 
the interview by circling the right answer. The option 
of ‘neutral/pleasant’ shows contentment with the 
thermal environment.  

 
Figure 2: Results of spot measurements at different time 
intervals between and in the surroundings of the high-rise 
buildings under study during the 24hrs summer and winter 
monitoring.  

 
 

TEMPERATURE 
very 
cold 

cool neutral 
pleasant  

hot very hot 

WIND SPEED 
no wind weak neutral 

pleasant 
strong very 

strong 
HUMIDITY 

very dry dry neutral 
pleasant 

humid very 
humid 

Table 1: Thermal perception section of questionnaire 

 

 

4. RESULTS 
Figure 2 depicts the wind recordings of the spot 

measurements in the areas between the high-rise 
buildings and their surroundings. Results highlight 
the importance of microclimatic studies at 
pedestrian level of high-rise buildings by confirming 
higher wind velocities between the two towers in 
relation to the streets nearby. They also underline 
the importance of field studies towards an 
understanding of the interconnections between 
urban microclimate and outdoor thermal comfort.  

Regarding the questionnaires, the evaluation of 
the interviewees’ thermal sensation votes mainly 
focused on the lunch-time hours that pedestrian 
activity is high for both the summer and winter days. 
The responses were divided into half-hour intervals, 
e.g., 12:30-13:00, and related to the perception of 
wind speed, temperature, and relative humidity, 
juxtaposed with the recorded environmental data 
averages for the same timeframe (Figure 3). The aim 
of the study was to draw conclusions between 
people’s perception on thermal comfort, in relation 
to the recorded environmental variables for the 
specific microclimatic conditions that are created 
between the two high-rise buildings. An important 
parameter in this research work are the differences 
between seasonal variations.  

Monitoring results confirm high local 
temperatures all year round. An analysis of the 
interviewees’ responses according to Figure 3 shows 
that during the summer day even though averages 
reach 30°C, the increased wind velocities (wind 
speed 3.9m/s, gust speed 6m/s) are perceived as 
positive summer breezes, under the high 
temperature and RH values. On the other hand, 
during the winter day, low wind velocities (wind 
speed 2m/s, gust speed 3.5m/s) with high 
temperature averages of about 19°C, still increased 
peoples’ level of discomfort.  

 
5. DISCUSION 

This study focused on the wind climate that is 
created at the pedestrian corridor between two 
high-rise buildings in the Mediterranean climate of 
Tel Aviv. Due to the mild climatic conditions there, 
no extreme weather phenomena were observed, 
however, the results were sufficient to draw 
conclusions on the effect of tall buildings on the 
pedestrian realm and the importance of seasonal 
variations in the understanding of outdoor thermal 
comfort.     
 In this process the importance of field studies is 
especially highlighted. Currently there is a lack of 
wind comfort criteria as well as common parameters 
for the establishment of guidelines. While the 

standardization of common methods and reporting 
is crucial, this study points out the significance of 
field studies for an understanding of the human 
parameter. Results revealed that  seasonal variations 
played an important role in the relationship between 
microclimatic and comfort conditions.  

 
5. CONCLUSION  

Increasing world population and urbanization 
demand an increase in building activity, while the 
typology of high-rise buildings is promoted as an 
important high-density living solution. Visions, aims 
and goals towards reducing the environmental 
impact of cities become increasingly vital towards a 
sustainable urban future. At the same time existing 
urban infrastructures need to be also studied and 
possibly improved. One such example is the design 
of urban spaces and pedestrian comfort, a subject 
especially important since 2020 due to the Covid-19 
restrictions.  

This case study highlights the significance of 
understanding the human parameter towards the 
establishment of outdoor comfort guidelines in line 
with specific climatic conditions, while further 
studies are suggested in hot and humid climates. The 
results indicate the need for creating seasonal design 
strategies at pedestrian level, especially in the 
vicinity of high-rise buildings.  

Planning professionals, i.e., architects, urban 
planners, etc., need to expand their knowledge on 
outdoor thermal comfort and urban planning, while 
pedestrian strategies need to be incorporated into 
planning building practices. This study focused on 
the topic of public open spaces and high-rise 
buildings.  

 
Figure 3. Recorded environmental variables and 
thermal perception of people for the summer and 
winter days. 
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ABSTRACT: Urban designers can contribute to improve microclimatic comfort by adapting outdoor spaces to 
users’ need for comfortable and safe microclimatic conditions. The proposed methodology evaluated outdoor 
spaces from the user experience point of view, focusing then on pedestrians. Walkability was evaluated through 
analysis of exposure to solar radiation, along with the time pedestrians of different physical abilities would take 
on the paths. Overlaying walking speeds with solar radiation exposure maps enabled designers to evaluate how 
much time pedestrians would spend under the sun. Time graphs presented sunny and shaded time along the 
paths; the total time spent in each condition was then calculated. The methodology was tested on a case study 
master plan. Testing different spatial configurations of shading devices enabled the optimization of the design, 
considering users’ need for shaded or sunny places, according to different seasons. The installation of shading 
devices in summer increased the time spent in the shade by 55% for pedestrians walking with an assisting 
device. The proposed tool aims to give priority to users’ comfort in urban design practice. The additional focus on 
users with different physical abilities contributed by drawing attention to more inclusive cities. 
KEYWORDS: Solar radiation, Walkability, Climate-responsive, User experience 
 
 

1. INTRODUCTION 
Among the issues surrounding public spaces 

highlighted by the COVID-19 pandemic, 
accessibility, flexibility and unequal distribution 
across the city are key issues [1]. Climate affects 
outdoor accessibility, and the rise of exceptional 
conditions makes cities increasingly vulnerable 
environments, where ever-growing populations live 
in spaces with limited adaptability to environmental 
risks [2]. Reducing climate-related health risks in 
urban spaces is becoming mandatory to tackle 
present and future hazards; urban designers can 
contribute to this challenge. 

Excessive exposure to solar radiation and lack of 
cool areas threaten people’s comfort (and even 
health) even in ordinary conditions [3]. The 
directional character of solar radiation enables 
designers to investigate its interaction with shading 
devices, from the local to the urban scale: this 
facilitates the implementation of climate-responsive 
solutions in urban space. In addition to nature-
based solutions such as trees and vegetated 
pergolas, artificial devices can be used to screen 
solar radiation outdoors. These devices ensure 
climate resilience even under exceptional 
conditions: they maintain their effectiveness during 
drought periods and may be designed to allow solar 
radiation exposure when needed. Adaptability of 

outdoor areas through spatial configurations 
changing on a seasonal or even daily basis can 
create diverse and responsive spaces, able to adapt 
also to temporary issues such as the recent 
redefinition of social distances. Moreover, thermal 
diversity in urban spaces is important to allow 
people to choose the preferred environmental 
conditions spatially and temporally [4].  

The proposed methodology refers to the field of 
climate-responsive urban design, i.e., the 
combination of spatial elements to provide 
protection from negative and exposure to positive 
aspects of climate [5-6]. Microclimatic conditions of 
outdoor spaces were evaluated based on two user 
experiences: staying in a specific area and walking 
within a space. Walkability was evaluated through 
the analysis of exposure to solar radiation, along 
with the time pedestrians of different physical 
abilities take for the various paths.  

The methodology was tested on the Porta 
Romana master plan in Milan (IT), a project 
involving the industry partner CRA—Carlo Ratti 
Associati. The presented design proposal was a 
preliminary submission for the Municipality of 
Milan; changes were possible because of the still 
ongoing authorisation process. The case study 
master plan is part of a railway yard’s 
redevelopment (Figure 1). The area under 
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consideration is the eastern part of the master plan 
and it will mainly host offices. Buildings are located 
around an elevated square, above the railway line; 
access to the square is by stairs, elevators and 
ramps. Various trees are located in the central part 
of the square, as part of an urban forest in the east-
west direction (the so-called “Suspended Forest”). 
In the north, a restaurant faces the square; the 
southern part gives access to office buildings. Even 
though the buildings’ function would call for a 
defined typology of user - office workers, the 
presence of a metro station to the north and 
buildings of broad interest to the south (e.g.: 
Fondazione Prada) led to the inclusion of a more 
varied catchment. In particular, the designers 
proposed to create new connections in the north-
south direction. Analysis of the solar exposure of 
the user paths would thus provide valuable 
information to implement in the design phase. 
 
2. METHODOLOGY 
 
2.1 Modelling the case study 

The selected case study was modelled using 
Rhino software [7]. This choice had two advantages: 
to import the massing of the buildings directly from 
the designers’ model and to simulate solar radiation 
through Ladybug [8] - a plugin for Grasshopper, the 
visual scripting interface for Rhino [9]. This software 
allowed to test design options without the need to 
import the model into a different simulation  
 
Figure 1:  
Introduction of the case study master plan. 

 

software, and to simulate solar radiation with 
relatively short computational time compared with 
other tools. User paths drawn in Rhino 
corresponded to the main connections around and 
crossing the area and secondary paths to reach hot 
spots. The hot spots were defined as attraction 
points for pedestrians: shops, restaurants, public 
transport stops, and other places equipped for 
sitting and gathering. 

The incident radiation component in Ladybug is 
the sum of diffuse and direct radiation reaching the 
surfaces. The two summer and winter solstice days 
were simulated to represent the extreme 
conditions. Three time periods were simulated, to 
cover the time of maximum exposure: 11:01 am - 
12:00 pm, 2:01-3:00 pm and 5:01-6:00 pm 
(hereinafter referred to as 11 am, 2 pm and 5 pm). 
To prioritize people’s activities at specific times, the 
summer times were determined by taking into 
account daylight saving hours. The geometry on 
which solar radiation exposure was simulated 
corresponded to the public outdoor space, 
including ramps and stairs. The surrounding 
buildings and shading elements such as trees and 
artificial devices were defined as elements 
sheltering the space from solar radiation. 

The first phase of the analysis phase included a 
collection of maps in which solar radiation exposure 
of user paths was indicated. The linear paths were 
divided into points drawn every two meters, i.e. the 
same grid size of solar radiation maps. The value of 
solar radiation for each point corresponded to the 
one assigned to the closest pixel of the map. In this 
way, solar radiation exposure of user paths in 
different hours was obtained. 
 
2.2 Measuring space with time 

In the second phase, the user experience was 
further developed to include the concept of time 
into the design. It proceeded to evaluate how much 
time a pedestrian spends under the sun when 
taking these paths. First, walking speeds needed to 
be defined. In order to make the design more 
inclusive, pedestrians with different physical 
abilities of varying walking speeds were considered. 
These included standard pedestrians and 
pedestrians using assisting devices (such as cane, 
crutch, or walker) and walking speeds were 
determined from literature. Bosina & Weidmann 
conducted an exhaustive review of pedestrian 
speeds [10], while Oxley et al. focused on 
pedestrians with different levels of physical ability, 
distinguished among assisting devices [11]. The 
walking speeds employed in this work are shown in 
Table 1. For stairs, horizontal walking speeds were 
adapted from Fujiyama & Tyler [12], from graphs 
relating horizontal walking speeds to stair gradients, 

 

for young and elderly users. The average value was 
selected for ascending and descending movements. 

By measuring space not metrically, but through 
the time needed by a pedestrian to cover a defined 
distance, it was possible to further analyse and 
modify the design proposal. User paths were 
measured according to the walking speeds: the 
amount of time a pedestrian spends in 
uncomfortable, or even harmful, microclimatic 
conditions was identified. Based on this analysis, 
areas where further intervention was needed to 
improve the microclimate were highlighted and 
provided the focal point of the final phase. 
 
Table 1:  
Walking speeds for users of different physical abilities. 
 

User Speed 
(m/s) 

Speed 
(m/minute) 

Adapted 
from 

standard 1.34 80 [10] 
assisting device 0.70 42 [11] 

 
2.3 Climate-responsive solutions 

The microclimatic evaluation of user paths was 
followed by the design phase, in which the 
arrangement of shading devices was defined to 
improve the user experience. Four solutions were 
modelled: two trees and two artificial devices 
(Figure 2). Trees were modelled according to the 
report “Public space - Design guidelines”, attached 
to the Air and Climate Plan developed by the 
Municipality of Milan [13]. Two sizes of trees were 
selected (III and IV, according to [13]) to represent 
deciduous species planted in the surroundings that 
suit the master plan. Tree canopies were modelled 
as meshes; the script was based on an example 
provided by Roudsari [14]. The canopy density was 
differentiated according to the season, based on 
images analysis (winter 33%, summer 100%). The 
artificial shading devices were the stand-alone 
canopy “Parelio” [15] and a large textile cover. The 
large cover was divided into a grid and its density 
was set up to 80% to simulate partial transparency 
of the textile material. Simulating the screening 
effect of devices into the master plan enabled to 
 
 

 

adjust the proposal accordingly. This climate-
responsive methodology addressed issues 
highlighted by implementing the microclimatic 
analysis into the master planning process. 
Moreover, the use of removable solutions created 
dynamic outdoor spaces that could provide outdoor 
comfort in different seasons.  
 
3. RESULTS 

 
3.1 Solar exposure of the master plan 

First, the master plan was analysed to identify 
user paths. Specific hot spots were highlighted, such 
as the restaurant and the metro station, while 
gathering points also emerged. Accesses to the 
elevated square were identified (Figure 3). 

Input weather data to simulate solar radiation 
were downloaded from the Energy Plus website 
[16] – station: Milano-Linate 160800 (IGDG). Direct 
and diffuse solar radiation from the input weather 
 
Figure 3:  
Functional analysis of the master plan. 

 
 
 Figure 2:  

Description of climate-responsive solutions implemented into the master plan design. 
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Figure 4:  
Direct and diffuse components of solar radiation on 
horizontal surface on summer and winter solstice days. 

 
 
file are displayed in Figure 4 for both solstice days. 
Figure 5 reports solar radiation exposure maps 
simulated during the two selected days. In winter, 
the simulation of the 5 pm time period is not 
displayed as the results were not meaningful. The 
most immediate information provided by the maps 
was the screening effect of buildings on the ground. 
Since the solstice days were selected, the displayed 
shapes corresponded to the maximum and 
minimum extent that shadows can reach. Trees 
were also shading the ground; nevertheless, since 
their reduced height (from 5 to 8 m, due to design 
constraints such as the reduced soil depth in the 
elevated square), their impact was limited. The 
rooftop of the restaurant and the northern plaza 
had a large potential as gathering spots since they 
were largely sunny in winter. Installing temporary 
devices to provide shade in the summer could make 
them valuable spots during the hottest days, 
adapting the space in response to seasonal changes. 
 
 
 

Overall, gathering spots were evaluated 
consistently in terms of thermal diversity and solar 
radiation exposure. On the other hand, walking 
paths needed further investigation. 

 
3.2 User experience 

Focusing on the walking areas, these were 
mostly exposed to the sun in the summer. 
Considering the physiological thermal load from the 
solar exposure combined with the higher metabolic 
rate from walking, it was important to address this. 
Figure 6 presents this issue for two paths. The map 
refers to 11 am CEST on 21st June, focusing on the 
walking paths. Two different walking speeds were 
assessed, for a standard pedestrian and one with an 
assisting device. The simulated paths corresponded 
to origin-destination travels in the south-north 
direction through different accesses (stairs and 
ramps). Horizontal walking speeds were calculated 
for the inclination of the stairs (26.6°), with the 
results presented in Table 2. 

In case of pedestrian with an assisting device, it 
was clear that users could access the elevated 
square through elevators. Nevertheless, the aim 
was to explore the experience provided by the 
space if users preferred to spend time outdoors. 

 
Table 2:  
Horizontal walking speeds on stairs – stair gradient: 26.6°. 
 

Movement Speed 
(m/s) 

Speed 
(m/minute) 

Adapted 
from 

ascending 0.57 34 [12] 
descending 0.65 39 [12] 
 
 
 

Figure 5:  
Simulation of solar radiation on outdoor surfaces at different times of the day on the two solstice days. 

 

 

Figure 6:  
Solar radiation exposure of paths (experiences) taken by 
two diverse users. 

 
 

The user experience was further analysed using 
a chart (Figure 7). Such analysis has the advantage 
to represent in a meaningful way the experience 
provided in the proposed space by relating the 
numerical results with the paths. As reported in 
Table 3, the first path was estimated 3’34” long for 
a standard pedestrian. Except for the final stairs, 
the journey resulted exposed to the sun. The 
second path was estimated almost 10 minutes long 
for a pedestrian with an assisting device. The graph 
showed more variety in solar radiation exposure 
than the previous one; a few spots in the shade on 
the ramp were provided by the ramp on the upper 
level. Furthermore, five minutes were spent under 
the sun without any relief (from minutes 2 to 7). 

 
Figure 7:  
Solar radiation exposure of two user experiences in time. 

 
 
Table 3:  
Time spent in sun/shade. 
 

Path Total time Time in the shade Time in the sun 
a 3’34” 58” 2’36” 
b 9’57” 1’43” 8’14” 
 
 

3.3 Design proposal 
The main aim of the design proposal was to 

provide users with shaded spots along walking 
paths in summertime. In winter, the exposure of 
walking paths to solar radiation was considered 
adequate; this characteristic needed to be 
maintained. For that, a non-permanent strategy 
was adopted, installing Parelio devices and large 
covers along the paths, ensuring they provided 
shade on pedestrians most of the time. Using large 
covers could shade landing areas on the elevated 
square and along the ramps, to enable people to 
rest from the physical effort. Due to the absence of 
soil outside the planted areas, they could provide 
additional shade in spots where trees could not be 
planted; furthermore, their complete removal in 
winter would maintain solar radiation exposure. 
Artificial devices could also become a dynamic 
component of the space, maintaining sufficient 
distance from planted areas (such as the Suspended 
Forest, a signature space of the project), but 
creating dialogue with nature. Walking paths across 
the elevated square were screened using Parelio 
devices. Their location could not become an 
obstacle for pedestrians: several simulations were 
performed to optimize the results.  

Figure 8 presents the final proposal in 
summertime, with the additional devices shown in 
black. The graph shows additional shaded spots 
along walking paths. The table reports the updated 
time periods: in both cases, time spent in the shade 
increased. Path (a) shows a shaded landing after 
climbing the stairs. Even though the time in the 
shade did not increase much (10”), the graph shows 
a relief spot in between climbing the stairs and 
crossing the elevated square. Path (b) presents 
more thermal variety than before, due to the 
installation of triangular-shaped covers along the 
ramps and Parelio devices across the square. Time 
spent in the shade increased by +55%, and most 
importantly, shaded spots were distributed along 
the journey. 

 
4. CONCLUSION 

This paper presented an innovative 
methodology to implement microclimatic analysis 
into urban design practice. The workflow was 
developed to be usable by designers: tools were 
selected to include climatic information into the 
design process. The focus was on the interaction of 
solar radiation with outdoor spaces, as design can 
intervene on urban morphology; as a result, this can 
be addressed from the local to the master planning 
and urban scale. The time analysis contributed by 
informing designers about how the solar exposure 
of the proposed space could affect the pedestrians. 
Space was not described based on its morphology,
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but on the experience provided to users. The 
conceptual shift of measuring space not metrically, 
but through the time needed to cover a certain 
distance, was translated into practical support that 
made urban designers benefit from the research. 

Defining walking speeds added the layer of user 
experience to the space, providing meaningful 
information to fine-tune the master plan design. 
The additional focus on users of different physical 
abilities contribute to making cities more inclusive. 
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ABSTRACT: Highly urbanised cities are susceptible to increasingly severe heat stress. Within this context, it is 
crucial to provide urban planners with guidelines for improving outdoor thermal comfort at the neighbourhood 
scale and to incorporate microclimate knowledge in their decision-making and design processes. However, 
although there are some discussions on certain street canyon types, only a few limited studies have been done at 
this scale to analyse the thermal comfort performance of neighbourhood layouts, which is more complex and 
more practical to inform urban climate-responsive strategies. This research aims to understand the combined 
thermal comfort effects of specific morphological parameters in different heat-prone neighbourhood typologies. 
Using the simulation tool ENVI-MET, this paper examines the thermal comfort performance of four generic 
typologies with different combinations of street widths, street orientations and vegetation distribution. The 
results of thermal comfort evaluation indicate for each typology the most problematic areas that need further 
prioritised cooling interventions. The comparisons of areas with the same street profiles across different 
neighbourhood typologies also show that neighbourhood typologies with different combinations of 
morphological parameters can play a role in affecting microclimates. 
KEYWORDS: PET, thermal comfort, neighbourhood, urban form, ENVI-met 
 

1. INTRODUCTION  
Highly urbanised cities are severely suffering 

from heat stress [1]. Due to climate change, the 
intensity of urban heat stress is predicted to 
increase in the near future, and we need to be 
prepared for increasingly frequent periods of 
extreme weather Within this context, urban 
planners and designers need to incorporate 
microclimate knowledge in their decision-making 
process [2].  

Especially at the neighbourhood scale, outdoor 
climate-responsive interventions can be quick to 
implement and achieve cooling effects [3]
Following [4], neighbourhood microclimate studies 
should be typology-based and consider the complex 
thermal comfort effects of different neighbourhood 
layouts. However, although there are already 
discussions on the effects of certain street canyon 
types or building block typologies on microclimates 
[5], studies on outdoor thermal comfort in different 
neighbourhood typologies are limited. Most current 
case studies choose specific neighbourhood cases in 
cities to analyse certain morphological parameters 
with regard to thermal comfort, instead of 
proposing a holistic approach to analyse 
neighbourhood typologies that can be considered 
for other cities. 

In this paper, four heat-prone neighbourhood 
typologies for study are focused on by considering 

the combined effects of different microclimate-
related urban design parameters in three major 
European cities with temperate climates 
(Amsterdam, London and Paris). The methodology 
of how these typologies were proposed is 
presented in [6]. Real-world neighbourhoods 
(n=656) of the three cities and their morphological 
parameters were analysed. It was found that the 
most variant parameters across the 
neighbourhoods are the combinations of street 
canyon orientation, street Height-to-Width ratios 
and tree coverage (Fig. 1 and Table 1). Our 
proposed four neighbourhood typologies represent 
the most distinct neighbourhoods across the heat-
prone areas of the three cities. 

Although these typologies have been found to 
be commonly present in the most problematic local 
climate zone in these cities, more information is 
needed to understand how thermal comfort is 
spatially varied within these neighbourhoods. This, 
in turn, can inform the design and planning of 
cooling interventions at the pedestrian level. 

Therefore, this study uses ENVI-met to evaluate 
the thermal comfort of these four neighbourhood 
typologies. ENVI-met is a CFD-based holistic 
microclimate simulation software [7] that can 
simulate heat and moisture transfer between 
building materials, soil surfaces, vegetation and the 
atmosphere. In the new version 5.0 of this software, 
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the algorithm for mean radiant temperature was 
improved to make the result more precise for 
outdoor thermal comfort simulation. By conducting 
the thermal comfort analysis in ENVI-met 5.0, this 
study aims to identify specific areas within these 
typical neighbourhoods which are particularly 
problematic and can be targeted for more effective 
outdoor climate-responsive interventions. 

 
2. METHODOLOGY 
2.1 Neighbourhood typologies 

The neighbourhood typologies used in this study 
are characterised by various combinations of street 
canyon orientations and Height-to-Width ratios (Fig. 
1). All buildings have a height of 20m and have the 
same form, with a central courtyard. The typical 
block length and width are 80m and 50m, 
respectively [6]. Vegetation is modelled as 15m high 
trees with a 9m crown diameter. Trees have 
cylinder shapes and large trunks, with a leaf area 
density of 2. The distance between trees is 15m.  
 
Fig. 1 Four neighbourhood typologies selected in this 
study 

 
 
Table 1 Description of four studied typologies 

 Typology ID Key properties 

Typology 1 

Predominantly N-S and E-W oriented 
streets, with trees on main roads 
(16m). 
  

Typology 2 

Four principal street directions (N-S, 
NW-SE, E-W, NE-SW) divided by 45 
degrees, with trees on wide (24m) 
streets. 
  

Typology 3 
As typology 1 but with NW-SE and NE-
SW oriented streets. 
  

Typology 4 As typology 1 but with some wide 
(24m) major roads. 

 
2.2 ENVI-met simulation 

To analyse the thermal comfort performance of 
the four neighbourhood typologies, ENVI-met was 
employed with specific inputs for the simulations 
(Table 2). 

Table 2 ENVI-met simulation inputs 
Variations Settings 

Size and resolution 350 x 350 x 40 m 
X= 2m, Y= 2m, Z=2m 

Location 48.8677N, 2.3415E 

Climate type Cfb 

Simulation day Typical hot day, 18th, July 

Simulation duration 24h, from 7:00am (July 18th) to 
7:00am (July 19th) 

Wind speed 3m/s at 10m 

Wind direction Southwest 

Albedo Asphalt road=0.2 

 Building wall/roof=0.3 

 
The domain size of the simulation is 

350×350×40m with a resolution of x=2m, y=2m and 
z=2 m.  

The EnergyPlus Weather (EPW) file of Paris 
Mont Souris weather station was used as the simple 
forcing inputs for the simulation. According to the 
EPW data, July 18th is a representative day within 
the hottest week of the year and is used for this 
study. The simulated time starts from 7am, July 
18th to 7am, July 19th, with southwest wind as the 
prevailing wind direction and 3m/s as the 
freestream wind speed (Fig. 2 1)). The air 
temperature ranges from 21.3 to 35.2℃ and 
relative humidity from 36% to 72% throughout the 
day (Fig. 2(2 ).  

Physiological Equivalent Temperature (PET) is 
adopted as an index of its extensive application to 
analyse thermal comfort in different climates and 
its measurement unit (°C), which makes results easy 
understandable to urban planners or decision 
makers [8]. Four atmospheric variables are used as 
impact factors to compute PET: air temperature (Ta), 
mean radiant temperature (Tmrt), wind speed (Va) 
and relative humidity (RH). These climate indicators 
were all measured at 1.4m above ground level to 
indicate pedestrian level thermal comfort.  

14:00 was selected as the focused time for 
thermal comfort evaluation as this is when the air 
temperature and representative mean radiant 
temperature is highest. The results of PET, Ta, Tmrt, 
Va, and RH are mapped by LEONARDO which is 
embedded in ENVI-met. 

Specific points on the streets of the four 
neighbourhood typologies were selected to 
compare whether the combination of different 
parameters in each typology yield different PET 
values (Fig. 1). In Typology 1, P1 is in N-S 8m street 
and P2 is in E-W 8m street. In Typology 2, P3 is in N-
S 8m street, P4 is in E-W 8m street, P5 is in SW-NE 

 

24m street with tree shades, and P6 is in SW-NE 
24m street without tree shades. In Typology 4, P7 is 
in SW-NE 24m street with tree shades, and P8 is in 
SW-NE 24m street without tree shades. 
 
Fig. 2 Wind rose of the three cities (1); the air temperature 
and relative humidity on the day selected for simulation (2) 

 
 
3. RESULTS AND DISCUSSIONS 
3.1 Air temperature analysis 

The visualisation for the four typologies in ENVI-
met illustrates the spatial distribution differences in 
air temperature (Fig. 3).  

In typology 1, the 8m streets in North-South (N-
S) and East-West (E-W) orientations produce similar 
air temperatures of 33.5-34°C. However, the 16m E-
W streets are 2-3°C hotter than 16m N-S streets. 
Additionally, the crossings between 16m and 8m 
streets show a temperature 0.5-1°C higher 
compared to the crossings between 8m and 8m 
streets.  

In typology 2, the air temperature in the central 
open area (which can be regarded as a major 
junction or square in reality) is 35.5°C, which is the 
highest value across all locations. The 24m E-W 
streets are also about 1°C higher than 24m 
Southeast-Northwest (SE-NW) and Southwest-
Northeast (SW-NE) streets. The east side of the 
central area with its SE-NW and SW-NE streets is 
also 1°C higher than the west side. 

In typology 3, the difference between SE-NW 
and SW-NE 16m streets are less important 
compared to the N-S and E-W 16m streets in 
typology 1. The air temperature in most areas is less 
than 34°C, with the SW-NE 16m streets slightly 
0.5°C higher. 

In typology 4, the 24m streets in both SE-NW 
and SW-NE orientations all have air temperatures of 
35-36°C. And the area with the highest air 

temperature is found in the crossing between 24m 
SE-NW and 16m NE-SW streets, which is 0.5°C 
higher than 24m street crossings and 16m crossings 
in both directions. The influential street length 
(buffer zone) of the crossings is around 50m. 
 
Fig. 3 Air temperature variations of the four typologies 

 
 
3.2 Wind velocity analysis 

The visualisation for the four typologies in ENVI-
met illustrates the effect of different spatial 
distributions on wind speed (Fig. 4).  
 
Fig. 4 Wind velocity variations of the four typologies 

 
 

In typology 1, all N-S streets exert wind velocity 
below 1m/s. For E-W streets, however, higher wind 
speeds are present at around 2m/s. At the same 
time, the 16m E-W streets have lower wind speed 
compared to 8m E-W streets. Especially on the 
south side of the 16m E-W streets, the wind speed 
is between 1-1.4m/s.  

In typology 2, it has similar patterns of typology 
1 with only E-W streets varying in wind speed. 
Other directions of streets are less than 1m/s. Wind 
speed on 24m E-W streets can reach 2.2m/s, and 
the highest wind speed in 8m E-W streets is 1.6m/s. 
It should be noted that the central area is around 
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1.3m/s, faster than other surrounded directions of 
streets except E-W streets.  

In typology 3, all the streets have in general an 
average speed of 1.6m/s. Only the SE-NW 16m 
streets have lower speed, especially on the SW side 
of the street where the wind speed is less than 
1m/s.  

 In typology 4, the 24m SW-NE streets have a 
low wind speed of around 1.2m/s. Same values 
exist in both SE-NW and SW-NE 24m streets. 
Especially in the crossing of 24m streets in both 
directions, the wind speed is 1m/s with a buffer 
zone of 40m. The wind speed is fastest in the SE-
NW 16m streets.  

 
3.3 Mean radiant temperature analysis 

The visualisation for the four typologies in ENVI-
met illustrates the effect of different spatial 
distributions on mean radiant temperature (Tmrt) 
(Fig. 5).  

 
Fig. 5 Mean radiant temperature variations of the four 
typologies 

 
 

In typology 1, the Tmrt are highest in the middle 
of 16m N-S streets, as well as north side of 16m E-W 
streets and east side of 8m N-S streets. In these 
areas the Tmrt is above 60°C. The east side of 16m N-
S streets and tree-shaded areas of 16m E-W areas 
have Tmrt below 44°C. The rest streets are around 
46°C in Tmrt. 

In typology 2, the area without trees in the 24m 
streets are above 60°C, except that the SW side of 
the SE-NW streets are 46°C due to the effect of 
building’s shades. The 8m street all have a Tmrt of 
50°C. 

In typology 3, the Tmrt in SW-NE 16m streets is 
above 60°C on the side without tree shades. At the 
same time, the SE-NW 16m streets are below 44°C 
in Tmrt. Regarding the SE-NW 8m streets the Tmrt is 
46°C.  

In typology 4, the Tmrt in SW-NE 24m streets are 
above 60°C on the side without tree shades. And it 
is 46°C on the side with tree shades, 2°C higher than 
that of 16m in typology 2. For 16m SE-NW streets, 
the NE side of the street is above 60°C and the N-E 
side of the street is 46°C. 
 
3.4 PET on pedestrian analysis 

The visualisation for the four typologies in ENVI-
met illustrates the spatial distribution differences in 
Physiological Equivalent Temperature (PET) (Fig. 6).  

 
Fig. 6 PET variations of the four typologies 

 
 

In typology 1, the worst PET is found in the east 
side of 8m N-S streets (53°C) and the middle of 16m 
N-S streets, followed by the north side of 16m E-W 
streets (45°C). These three areas are highest, with 
Tmrt making the highest contribution. The latter one 
is higher in air temperature and in wind speed, 
resulting in a lower PET value. This shows that the 
wind speed is more effective in influencing PET 
compared to air temperature in this case. By 
comparing P1 and P2, the effects of street 
orientation on PET value can range from 2-7℃. 

In typology 2, the worst PET is 49°C and located 
in the 24m N-S streets, followed by 24m SE-NW and 
SW-NE streets (47°C). Wind speed of 0.2-0.4m/s 
slower in the former area results in a higher PET. In 
the central area, although the high wind speed 
lessens the value of PET, but the high Tmrt and high 
air temperature still result in the comparative high 
PET of 45°C. 

In typology 3, heat problems are prominent in 
SW-NE streets of 16m areas without trees and 8m 
whole streets, where Tmrt is the main contributor. 
Also, the 8m streets of SW-NE orientation can result 
in PET more than 7°C than SE-NW streets, much 
higher than the difference between N-S and E-W 
streets. 

In typology 4, SW-NE streets of both 24m and 
16m have a PET pf around 47°C. The PET in tree 

 

shaded areas is different in the two directions, 
where the SE-NW 24m streets have the PET of 1-2°C 
lower due to the air temperature, while in both 
streets the wind speed and Tmrt do not vary much. 
Additionally, the effects of tree shades can result in 
7℃ difference in PET between the two sides of the 
streets from 11:00-13:00. 

 
3.5 Comparison of PET in different typologies  

The PET value of the Point 1,2,3 and 4 shows 
that variations occur across the neighbourhood 
typologies even with the same street profile (Fig. 7). 
By comparing P1 (in Typology 1) and P3 (in Typology 
2), which are both located in N-S 8m streets and 
without tree shades, it was found that the pattern 
of PET changes is similar, but the maximum 
differences are 2℃ at 14:00, which can be 
explained by the fact that both ends of the street 
are surrounded by trees. Regarding the difference 
between P2 (in Typology 1) and P4 (in Typology 2), 
which are both located in E-W 8m streets and 
without tree shades, it was found that the PET 
difference can reach 6℃ at 16:00, which is a result 
of Tmrt increase according to the sun path at 16:00.  

 
Fig. 7 Comparison of PET value at daytime for point P1, P2, 
P3, and P4 

 
 

Regarding the PET value of Point 5, 6, 7, and 8, it 
was found that the PET differences across the 
typologies cannot be neglected as well (Fig. 8). By 
comparing P5 (in Typology 2) and P7 (in Typology 4), 
which are both in N-S 24m streets and with tree 
shades, it was found that P5 are in general at all 
hours very similar to P7. However, regarding P6 
(Typology 2) and P8 (Typology 4) which are both in 
N-S 24m streets and without tree shades, the PET is 
high and the value is different between the two 
streets from 11:00 to 14:00. It was found that P6 is 
about 2-5℃ higher than P8. This can be explained 
by the effect of the large open area in Typology 2, 
which results in the surrounding area with higher 
air temperature. 

The comparisons of PET across different 
neighbourhood typologies show that even streets 
with the same profile in terms of orientation, width, 

and height-to-width ratio, can produce different 
thermal comfort conditions across different 
neighbourhood typologies. This variation is not very 
notable in the areas with shading but is more 
prominent in the sunlit area where Tmrt is high. The 
variations of different neighbourhood typologies 
might be explained by the synergistic effects of 
different parameters, including surrounding open 
space area location, surrounding vegetation 
planting, etc [9, 10]. 
 
Fig. 8 Comparison of PET value at daytime for point P5, P6, 
P7, and P8 

 
 
3.6 Recommendations for designers 

According to the analysis of thermal comfort 
variation on the three factors (Section 3.1, 3.2, 3.3) 
and PET (Section 3.4), as well as the effect of 
typologies on thermal comfort (Section 3.5), we 
conclude for each typology the problematic areas 
with high PET that need cooling actions in priority. 
Then the problematic factor or the reason 
contributing to the high PET is examined. After that, 
the respective recommendations for specific areas 
to improve thermal comfort are proposed. In 
general, Typology 4 has more areas that are likely to 
suffer heat stress, followed by Typology 2, Typology 
1, and Typology 3. The summary is presented in 
Table 3. 
 
Table 3 Summary of recommendations 
Typology ID Typology 1 Typology 2 

Problematic 
area 

N-S oriented 
8m  

N-S oriented 24m 
(west side) 

Problematic 
factor 

High Tmrt; low 
wind speed 

High air temperature 
due to surrounding 
large open space; 
high Tmrt; low wind 
speed 

Recommended 
intervention 

Tree planting 
on the east 
side of 8m 
alley 

Central open area 
transformed into 
green space with 
vegetated soil; tree 
planting on the no-
tree side of 24m wide 
street 
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Typology ID Typology 3 Typology 4 

Problematic 
area 

NE-SW 8m; 
NE-SW 
direction 16m 
(NW side) 

N-S 16m (east side);  
E-W 16m (north 
side); E-W 24m 
(north side) 

Problematic 
factor 

High Tmrt High Tmrt, high air 
temperature 

Recommended 
intervention 

Tree planting 
on the NW 
side of 8m 
alley; tree 
planting on  
NW side of 
16m road 

Tree planting on the 
east side of N-S 16m 
street; tree planting 
on the north side of 
E-W 24m wide street 

 
For urban neighbourhoods in temperate climate 

that have similar morphological combinations as 
the typologies proposed in this study, designers can 
refer to the recommended interventions in their 
climate-responsive design process.  
 
4. CONCLUSION 

This paper examines the thermal comfort 
performance of four heat-prone neighbourhood 
typologies in three large European cities with 
temperate climates. The results of thermal comfort 
evaluation indicate for each typology the most 
heat-prone areas that need prioritised cooling 
interventions, and the elements which should be 
targeted for these interventions.  

Although the street trees, street orientations, 
and street Height-to-Width ratios play an important 
role in affecting outdoor thermal comfort, the 
neighbourhood typology itself with different 
combinations of neighbourhood layouts can also 
make an impact on outdoor thermal comfort. This 
result confirms the value of proposing 
neighbourhood typologies instead of only 
simulating single street canyons or buildings, as the 
synergy of these elements and their surroundings 
can produce different conditions of outdoor 
thermal comfort. 

The simulation results could be of value to 
designers and planners wanting to propose new 
interventions with the maximum cooling effect 
regarding the heat-prone neighbourhood types in 
European cities with temperate climates. 
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ABSTRACT: Jeju is an island in South Korea. Jeju is a popular holiday destination and a sizable portion of the 
economy relies on tourism. Jeju is notorious for its wind, since the island was surrounded by the ocean, the wind 
speed was typically high. Because of harsh wind, in a village or city area has a special street called “Olle” was 
developed in island. Olle is a word in the local dialect that refers to the paths between houses and public roads.  
There are still several existing Olle with traditional alley characteristics around Jeju Island. Currently, 
redevelopment and renovation of tourist attraction areas (seaside villages, villages where popular tracking route 
area) the narrow and tangled old Olle were facing a dilemma of preservation or improvement for safety, 
accessibility and increasing building gross floor area for maximum cost-benefit from the redevelopment. This 
paper examines the current status of one of Olle in the area called "Woljeong-Rie" area. The place becomes an 
attractive area for tourist. Since its popularity, new developments were noticeably increased. The paper analysis 
recent Olle Street condition and compare its condition that is before development. Comparison between before 
and after developments will share in-sight on how to preserve Olle. 
KEYWORDS: Jeju, Olle, Simulation, Performance, Optimization. 
 
 

1. INTRODUCTION  
Jeju is an island in south Korea. The island contains 

the natural world heritage site "Jeju Volcanic Island 
and Lava Tubes" [1]. Jeju has a moderate climate; even 
in winter, the temperature rarely falls below 0 °C. Jeju 
is a popular holiday destination and a sizable portion 
of the economy relies on tourism [2]. Total population 
of Jeju increase from 577,187 (year 2010) to 678,772 
in year 2017, within 7 years population growth almost 
100,000 [3]. Jeju is the only province which shows a 
continuous increase in population in South Korea [4]. 
Also, Jeju is famous for its wind, since the island is 
surrounded by the ocean, wind speed is typically high 
and the first commercial wind farm in south Korea 
opens on the western coast of island [5].   

Due to harsh wind conditions, village and city areas 
have a special street called “Olle” which was 
developed in an island. Olle is a word in the local 
dialect that refers to the paths between houses and 
public roads [6]. Recently, part of its pathway around 
the coastline became tourist attractions and called 
‘Jeju Olle Gil’ or simply, ‘Jejuolle’ in Korean. The 
courses pass through small villages, cross beaches, 
wind through farms and orchards, twist through 
forests, and climb oreums (low parasitic volcanoes) 
across Jeju Island [5]. 

There are still several existing Olle with traditional 
alley characteristics, in and around Juju Island. 
Currently, the redevelopment and renovation of 

tourist attraction areas, seaside villages, villages 
where tracking is popular, the narrow and tangled old 
Olle were facing a dilemma of preservation or 
improvement for safety, accessibility and increasing 
building gross floor area for maximize cost benefit 
from redevelopment.  

 
Figure 1: Woljeong-rie area in Jeju Island in South Korea. 
 

This paper examines the current status of one Olle 
in the area called "Woljeong-rie" area. The place has 
become an attractive area for tourists as Ollegill has 
become a popular attraction. Since its popularity, new 
developments were noticeably increased. Figure 1 
shows the Woljeong-rie area indicating newly 
developed and existing local street with buildings. 

Beach

Recent developed area

Olle (local street)

Existing area

Existing area
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Figure 2 shows two different street views along Olle, 
which clearly shows dramatic changes of the street 
view. Within eight years, traditional stone wall has 
been demolished, and street canyons are deeper.   

The deeper canyon creates unfriendly 
environments around the traditional pathway, which 
creates more shadows, less view of sceneries, and 
increases adverse wind in the street canyon. For this 
reason, the paper first investigates what difference 
new development brought to the street pathway. The 
paper calculates how many hours direct sunlight can 
reach the street and investigated a sky view ratio to 
understand how much the new buildings block sky 
view from street. Finally, a CFD (Computational Fluid 
Dynamics) analysis has been conducted to understand 
how new buildings changed wind patterns around the 
street.   

 
2. CURRENT CONDITIONS 

The paper analyses current Olle Street conditions 
and compares it to what it was before development. 
The comparison shares in-sight into what has been 
changed in the Olle street. 

 
Figure 3: Sky view ratio 

The test conducted was simulating the sky view 
ratio to measure how much the street can see open 
sky without being blocked by buildings. For this test, 
the paper used Honeybee [7] to calculate sky view 
ratio. In honeybee several methods can be used to 
measure sky view ratio, Yi, identified the limitations of 
current methods and the one that produces a result 
most close to an actual sky view is called sky exposure 
factor [8]. The paper uses this for the sky view 
calculation. The grid size for the measuring point was 
1x1m. The test result shows that before the 
development, average sky view was 27.31% and after 
the development the sky view was down to 16.80%. 
On average, almost 10% of view to the sky was blocked 
by new development which reduces the merit of the 
traditional street’s identity. (Figure 3) 

The direct sun hours and wind conditions were also 
analysed. Average hours that streets received direct 
summer solstice sun, were reduced from 11.74 hours 
to 10.92 hours, while in winter, solstice solar hours 
reduced from 8.79 hours to 7.85 hours. The decrease 
in summer direct solar hours might be beneficial for 
cooling in summer, however it reduced winter solar 
hours that are an important resource of heat energy in 
winter.  

The paper also investigates summer and winter 
average wind speed to understand its impact on the 
street. For wind test, the paper used Eddy3D [9] tools 
for measure wind speed. It uses openFOAM as its 
engine and was validated. Annually, wind speed 
increased from 0.90 m/sec to 2.64m/sec, which 
indicates new buildings create adverse wind 
conditions around the street.      

 
Figure 4: Selected test area with result of solar hours 

 
Based on the three analysis, the street near the 

new development was worse after the development. 
For this reason, the paper selected one of the worst 
condition areas and studied it further to find the 
possible strategies to improve conditions.  Within the 
resultant area, a smaller area was selected for further 
study, shown in Figure 4, which has new buildings 
around the local street. 

Figure 5 shows the test area buildings and their 
corresponding heights. The highest building in the test 

2010.07 2018.03View

Figure 2 Street view of Test Street between 2010 and 2018 

 

site was 12.80m while most of the building are higher 
than 4m. To find a better design, the current condition 
was simulated to find a baseline for the test.  

 
Figure 5: Test site building layout and heights 

 

 
Figure 6: test site simulation results 

 
Figure 6 shows results of various simulations 

conducted for the current test site. The average sky 
view ratio was 70.25%. Average hours that streets 
received direct sun, during the summer solstice, was 
10.61 hours, while winter solstice solar hours were 
6.16 hours. From the local weather data, August is the 
month that has most cooling degree days and 
February is the one with most heating degree days. 
Based on the cooling and heating degree days, the 
paper uses February as the month that would 
represent winter period and August has been selected 
for summer period. The average wind speed for both 
August and February were calculated from CFD 
simulation. Average summer wind speed was found to 
be 0.57 m/sec and average winter wind speed was 

0.59m/sec. Figure 6 also shows local wind directions 
when prevailing wind is coming from south.  
 
3. Methodology 

The main purpose of this paper is to find a design 
strategy that can reduce the impact of new buildings 
on the existing street. For this reason, the paper uses 
the multi-objective optimization to find optimal 
building height along the street, which could minimize 
the impact on the street while maximizing the building 
height. It will able to guide stakeholders to find better 
solutions that can keep the integrity of a traditional 
Olle Street.   

 
 
Figure 7: Overall process 
 

Figure 7, shows the overall process for obtaining an 
optimal high that has minimal impact on the street 
condition. The process is divided into four main 
sections, where the first step of the method is to 
prepare the Parametric Geometry (PG) model and 
Agent-based Geometry Control System (AGCS) of a site 
and buildings. This allows to control building heights 
more easily.  

After the geometry was set up, the next step was 
to simulate the model to obtain the three performance 
criteria. The criteria that were considered to evaluate 
the street’s environmental conditions were sky view 
ratio, sunlight hours, and wind speed. However, the 
main difficulty of using several simulations specially, 
CFD simulation for optimization comes with a major 
hurdle that the simulation requires a significant 
amount of computational time. To overcome this 
limitation of using multi simulations for optimization, 
the paper proposes an Artificial Neural Network (ANN) 
as the next step to reduce computational time. A 
random sample of geometry configuration were 
simulated, and these results and parameters were 
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used to train the ANN model. Once the ANN model 
was trained, it replaced simulations and predicted 
performances. The results from ANN were used as the 
fitness values for the optimization.  

After the objective value was obtained from the 
simulations, the next step was the optimization phase. 
The data obtained from the previous step was plugged 
into an evolutionally algorithm. If the objective 
function is satisfied, then that geometric set-up is a 
possible solution. If not, then an algorithm generates 
the next population of agent points. The ANN 
simulation should be re-run to find its performance 
and see if the changed geometry fulfils the goal. This 
loop continues until either the objective value satisfied 
its goal, or the maximum generation has been 
reached.   
 
3.1 Defining Parametric Geometry and Performance 
evaluation  

The Parametric Geometry (PG) model was used to 
control height of the buildings. Each buildings height 
was set as optimization variables. 13 height variables 
were set for the test site. Heights can shift between 
2m to 12m. Following figure 8 shows how PG were set 
up for the test.  

  

 
Figure 9: Building height variables for the test 
 
3.2 Artificial Neural Network (ANN) 

In the field of architecture, specifically with CFD, 
ANN helped to reduce the computational power. Early 
research using ANN with CFD can be found in the 
author’s previous paper [10]. First a random sample of 
geometry configuration was simulated to find 
performance value of different geometrics, its result 
and parameters were used to train the ANN model. 
Once the ANN model was trained, it replaced the 
simulation of CFD and other calculations and ANN 
model predicted wind speed, solar hours, and sky 

views around the street which was used as the fitness 
value for the optimization.  

Figure 9 shows the structure of the neural network 
training used for the test. It consists of four layers: the 
three hidden and one output layer. The input and 
output contain the training dataset and the hidden 
layer is where the neural network is trained to find the 
transfer function from the training dataset. For this 
test, 13 inputs were set, the first hidden layer has 50 
and second layer has 25 neurons with hyperbolic 
tangent sigmoid transfer function. Third hidden layer 
has 10 neurons and the linear transfer function was 
used. For the output layer, 5 neurons were used with 
linear transfer function and output is 5 values. 

Once the ANN model was set, the paper trained the 
model with following training inputs and targets.  The 
13 height variables were set as training inputs and the 
result of sky view ration, summer and winter sunlight 
hours and summer and winter average wind speeds 
were set as the training output. To improve the 
predictions, all inputs were normalized to have the 
same scale range from 0 to 1. Figure 10 shows the 
regression result. The regression values for training, 
validation and test are all above 99% that shows the 
model is well fit within the data.  

 

 
Figure 10: Trained data set’s regression results 

 
3.3 Multi objective optimization (MOO) 
For optimization, this paper used Matlab [11] as a 

tool for optimization. The trained ANN model is also 
built by Matlab and can share its data with MOO 
without coupling tools. The objective function for the 
paper can be written as follows: 

Figure 8: ANN model used for the test 
 

 

 
min
𝑥𝑥∈𝑋𝑋

𝑓𝑓(𝑥𝑥) = [𝑓𝑓1(𝑥𝑥), 𝑓𝑓2(𝑥𝑥), 𝑓𝑓3(𝑥𝑥), 𝑓𝑓4(𝑥𝑥), 𝑓𝑓5(𝑥𝑥) ]       (1) 
 

The goal of the test was to find a solution that 
minimizes all five objectives. The 𝒇𝒇𝟏𝟏(𝒙𝒙) is the average 
sky view of the street and 𝒇𝒇𝟐𝟐(𝒙𝒙) is hours of direct sun 
that reached the street on June 21st from 8 am to 6pm 
and 𝒇𝒇𝟑𝟑(𝒙𝒙)  is hours of direct sun that reached the 
street on December 21st from 8 am to 6pm. 𝒇𝒇𝟒𝟒(𝒙𝒙) is 
summer average wind speed at 1.5m high from the 
street level. 𝒇𝒇𝟓𝟓(𝒙𝒙)  is winter average wind speed at 
1.5m high from the street level. The goal of𝒇𝒇𝟏𝟏(𝒙𝒙) , 
𝒇𝒇𝟑𝟑(𝒙𝒙), and 𝒇𝒇𝟓𝟓(𝒙𝒙) should be maximized, however since 
MOO goal is set to minimization, these three objective 
functions were multiplied by -1 to convert the function 
from maximization to minimization. Following 
equations show the objectives functions for the 
optimization. For this paper, Non-dominated Sorting 
Genetic Algorithm II (NSGA-II) was used for the multi-
objective optimization process. Population size of one 
generation was setup with 200 individuals.   
 

𝒇𝒇𝟏𝟏(𝒙𝒙) =  − (∑ (𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗)𝒏𝒏𝒏𝒏
𝒗𝒗=𝟏𝟏

𝒏𝒏 )  (2) 

𝒇𝒇𝟐𝟐(𝒙𝒙) =  (∑ (𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒗𝒗𝒓𝒓 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒓𝒓 𝒉𝒉𝒔𝒔𝒔𝒔𝒓𝒓𝒔𝒔)𝒏𝒏𝒏𝒏
𝒗𝒗=𝟏𝟏

𝒏𝒏 ) (3) 

𝒇𝒇𝟑𝟑(𝒙𝒙) =  − (∑ (𝒓𝒓𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘𝒗𝒗𝒓𝒓  𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒓𝒓 𝒉𝒉𝒔𝒔𝒔𝒔𝒓𝒓𝒔𝒔)𝒏𝒏𝒏𝒏
𝒗𝒗=𝟏𝟏

𝒏𝒏 ) (4) 

𝒇𝒇𝟒𝟒(𝒙𝒙) =  (∑ (𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒗𝒗𝒓𝒓 𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘 𝒔𝒔𝒗𝒗𝒔𝒔𝒗𝒗𝒘𝒘)𝒏𝒏𝒏𝒏
𝒗𝒗=𝟏𝟏

𝒏𝒏 ) (3) 

𝒇𝒇𝟓𝟓(𝒙𝒙) =  − (∑ (𝒓𝒓𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘𝒗𝒗𝒓𝒓  𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘 𝒔𝒔𝒔𝒔𝒗𝒗𝒗𝒗𝒘𝒘)𝒏𝒏𝒏𝒏
𝒗𝒗=𝟏𝟏

𝒏𝒏 ) (4) 

where,   
n – Number of measuring points; 
𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 – Sky view value; 
𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒗𝒗𝒓𝒓 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒓𝒓 𝒉𝒉𝒔𝒔𝒔𝒔𝒓𝒓𝒔𝒔 – Number of hours that reached 
measuring point on June 21st from 8am to 6pm; 
𝒓𝒓𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘𝒗𝒗𝒓𝒓 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒓𝒓 𝒉𝒉𝒔𝒔𝒔𝒔𝒓𝒓𝒔𝒔 – Number of hours that reached 
measuring point on December 21st from 8am to 6pm; 
𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒗𝒗𝒓𝒓 𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘 𝒔𝒔𝒔𝒔𝒗𝒗𝒗𝒗𝒘𝒘 – Average wind speed at 
measuring point on summer season; 
𝒓𝒓𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘𝒗𝒗𝒓𝒓 𝒗𝒗𝒗𝒗𝒏𝒏𝒘𝒘 𝒔𝒔𝒔𝒔𝒗𝒗𝒗𝒗𝒘𝒘 – Average wind speed at measuring 
point on winter season; 

 
Figure 11: total scatter plot 

MOO reached its goal by 138 iterations by an 
average change in the spread of Pareto front solution. 
Figure 11 shows the Pareto fronts for five objectives, 
the scatter plot of the columns of one measure against 
another measure.  

Table 1 shows the objective values of 14 individuals 
from the findings. Case 13 shows best result for winter 
wind speed and sky view ratio, case 6 has most high 
wind speed on summer, and case 5 shows most solar 
hours in winter.  

 
Table 1: 14 individuals’ objective values 

No. Wind speed[m/sec] Sky view 
ratio [%] 

Sun hours[hrs] 
Winter Summer Winter Summer 

1 1.09 1.13 68.92 9.28 9.99 
2 0.92 0.97 66.80 8.90 9.89 
3 0.80 0.74 68.23 7.86 10.37 
4 0.77 0.79 70.05 8.72 10.27 
5 1.01 1.06 69.48 9.35 10.01 
6 1.14 1.15 66.98 8.77 9.98 
7 0.63 0.64 69.49 8.26 10.34 
8 1.06 1.07 68.51 8.11 10.15 
9 1.04 1.05 66.23 8.19 10.02 

10 1.11 1.06 64.13 7.30 10.01 
11 1.13 1.12 64.44 7.90 9.93 
12 1.08 1.10 66.94 8.45 9.98 
13 0.59 0.59 70.51 7.20 10.50 
14 1.18 1.11 65.06 7.31 10.13 

 
Compared to the current condition, case 13 shows 

better result on all five goals. In terms of wind speed, 
winter average wind speed was reduced by 0.01m/sec 
and summer wind speed was increased by 0.01m/sec. 
Sky view ratio was also increased by 0.26%. Most 
importantly, winter solar hours were increased by 1.05 
hrs, but summer solar hours were reduced by 0.11 hrs.  

 

 
Figure 122: Building heights between current and optimized 
 

Figure 12 shows each building height as current 
condition and as case 13’s building heights. It clearly 
shows that building 7, 8, 9, and 10 should have a lower 
height to improve current condition. However, it is 
interesting to note, building 1, 2, 5, 11, 12, and 13 can 
increase in height and achieve better street conditions 
than current condition. The average height between 
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current condition and case 13 was 6.88m and 6.61m, 
which is less than a meter difference. Figure 14 shows 
the difference of current condition and case #13. The 
buildings next to the street were shorter compared to 
current conditions, but buildings away from the street 
were taller or stayed a similar height. The interesting 
finding was that the building heights gradually 
increase from centre to the street. 
 

   
 
Figure 14 overall building height between current conditions 
and optimized  

 
4. CONCLUSION 

This paper tries to find a way to preserve 
traditional street alley called Olly’s characteristics. The 
paper investigates one of the tourist attraction areas 
that was developed and renovated. Three analysis was 
conducted to find how the street condition was 
changed. Based on the three analyses, the street near 
the new development was worse after the 
development. Next, the paper investigates to find a 
design strategy that can improve the street condition 
and also able to develop the area. For this reason, the 
paper used MOO to find the best height that can 
improve the street condition. 

The paper proposed to use three different 
simulation tools to measure different design 
configurations. However, running several simulations 
for more than thousands of cases for optimization 
requires a significant amount of computational time. 
For this reason, the paper introduced ANN to reduce 
the number of running different simulations. The 

trained ANN model was able to predict street 
conditions within a reasonable error range.    

After training the ANN model, the paper uses it to 
find optimal building heights that can satisfy five 
objectives. The MOO was able to find several designs 
that could improve the current street condition.  

One of the solutions was compared with the 
current condition. The result shows some buildings 
should lower than current conditions but also some 
buildings can increase their height.  

The paper only selects one specific area for 
optimization and it requires further investigation. It 
requires investigating more areas to find if there is a 
certain rule between building heights and distance 
from the street. If a general rule can be found it can be 
used to develop a guideline. It can be us for further 
development to make sure it can preserve traditional 
streets characteristic. 
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A life cycle perspective on vertical densification 
Embodied impact assessment of vertical building extensions 
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ABSTRACT: Life Cycle Assessment (LCA) of densification is gaining importance due to rising efforts to counteract 
climate change while expanding living space in urban areas. We propose a methodology to split vertical building 
extensions into separated building elements for LCA calculation. Thereby, we show how existing and new 
building parts relate to the embodied impact of such projects. In a case study, the approach is exemplarily used 
to compare embodied Global Warming Potential (GWP) and embodied Primary Energy (PE) resulting from 
vertical densification to newly built living space. The results showed the roof type of the existing building as 
important information for the goal of low carbon densification. The proposed methodology can serve as a base 
for further development and allows decision-makers to take a wide variety of possible building constructions into 
account, especially in the early design stages. 
KEYWORDS: Life Cycle Assessment, LCA, Vertical Densification, Reinforcement, Early Design Stage 
 
 

1. INTRODUCTION 
The increase in global population, as well as the 

rising level of urbanization, require a rapid 
expansion of urban living space 
(United Nations, 2019). The need for additional 
building structures is associated with high resource 
consumption, conflicting with ongoing efforts to 
reduce CO2e emissions. Given that the building 
sector is responsible for 37% of CO2e emissions 
worldwide (United Nations, 2021), there is great 
potential to address the challenges of urban growth 
while sustainably transforming the building stock. 
Expanding existing buildings enables more intensive 
use of existing structures and infrastructure, 
thereby reducing the amount of used materials. Our 
work aims to clarify whether synergies or conflicts 
prevail in case of urban densification from a 
lifecycle perspective. Currently, there is insufficient 
knowledge about these densification approaches, 
and research on quantifying their lifecycle based 
impact is limited. Therefore, an extension of the 
existing lifecycle approaches is necessary to 
evaluate the potential of densification compared to 
conventional techniques, especially in the early 
design stages when little information on existing 
buildings is available. In this paper, we want to 
answer the following research questions: 

 

• How is the embodied impact (Global 
Warming Potential (GWP) and 
Primary Energy (PE)) of vertical building 
extensions affected by building stock and 
added structures? 

• What is the potential of vertical building 
extensions in terms of embodied impact? 

 

From these research questions, we hypothesize that 
living space generated through vertical densification 
has a lower CO2e footprint than newly built living 
space. 
 
2. STATE OF THE ART 

Based on densification scenarios in Vienna and 
Linz, Loibl et al. showed that integration into 
existing structures offers high potential to meet the 
rising demand of living space. According to them, 
story adding can increase floor area up to 25% on a 
city scale (Loibl et al., 2021). A similar conclusion is 
given by Dagmar Everding, who investigated 
extensions of existing neighborhoods in Frankfurt 
and showed possibilities to save embodied CO2e by 
integration into existing structures (Everding, 2017). 

Hafner et al. proposed a procedure to analyze 
the lifecycle impacts of vertical building extensions 
and compared different materials. Their 
methodology allows considering impacts from the 
demolition of existing and newly added structures 
in separation (Hafner & Storck, 2019). They 
conclude that vertical building extensions offer 
environmental potential and that further research is 
needed in this area. Tools for Life Cycle Assessment 
(LCA) of new buildings in early design stages have 
been developed, such as Bombyx (Basic et al., 2019) 
or CAALA (CAALA, 2022). However, there is no tool 
that integrates the particularities of vertical 
densification projects and only little information 
about the specific constructions used in such 
projects is available. Therefore, a split of normative 
based LCA calculation (e.g. DIN EN 15978 – 
Environmental performance of buildings) for single 

 

building parts (called 'layers' in the following) is 
proposed. 

 
3. METHODOLOGY 

This section explains our methodological 
approach for calculating the LCA of vertical 
densification. Furthermore, it shows how we 
compare living space from densification to newly 
built living space. 

 
3.1 Life Cycle Assessment of densification 

LCA is frequently applied for new construction, 
where clear structures and methodologies exist. As 
building extensions combine both, existing buildings 
and new constructions, they have mutual 
dependencies, which are not well covered by 
current guidelines (Vilches et al., 2017). We show 
how considering these dependencies improves 
decision-making in early design stages by identifying 
intersections and solving their requirements, 
leading to reduced ecological impacts. This keeps 
effort low but allows the investigation of a wide 
variety of material and construction combinations 
in LCA while applying current norms and programs. 
Therefore, we propose a split of regarded building 
parts (layers) into stock, demolition, extension, and 
reinforcement, as Fig. 1 shows. 
 
Figure 1: 
Layer split of regarded building parts. 
 

 
Note: Existing building and extensions can each be 
modelled with a pitched or flat roof. 

 
The reinforcement layer includes all constructive 

building components necessary to add an extension 
to an existing building (yellow layer in Fig. 1). The 
extension and demolition of existing parts are 
calculated separately (blue and red layer in Fig. 1). 
From the existing building (grey layer in Fig. 1), we 
extract properties that influence the design of the 
reinforcement layer. Furthermore, impact from the 
existing building due to the vertical extension is 
included, e.g. the demolition of roof structure. We 
utilize the German norm for LCA DIN EN 15978, 
which considers the environmental performance of 
buildings and apply the impact assignment 
described in (Hafner & Storck, 2019). The proposed 

split into building layers extends the methodology 
to a more detailed investigation. This achieves the 
decoupling of existing and newly added 
constructions, allowing evaluation of a wide variety 
of options in terms of ecological impact. This is 
especially useful for decision-making in early design 
stages when information is low and a vast variety of 
constructions is possible. Our methodology allows 
choosing the reinforcement layer depending on the 
properties of the existing building and the 
extension. In literature and expert talks, we 
identified four important aspects for the choice of 
this layer, which are: roof type, structure, fire safety, 
and acoustics (Mooser et al., 2014), (Kaufmann 
et al., 2017), (Hess et al., 2012). In the following, the 
dependencies of the reinforcement layer with the 
four aspects of choice are pointed out and their 
consideration is explained. 

First, the roof type of the stock building is 
essential for the choice of construction in the 
reinforcement layer. Pitched roofs are supposed to 
require an additional load-bearing ceiling in case of 
a vertical extension. On the contrary, flat roofs are 
found to offer the chance of removing loads which 
makes it often possible to use the flat roof as an 
interior ceiling after the extension (Fath et al., 
2019). Due to that, we propose considering new, 
load-bearing ceilings if a pitched roof is found in the 
stock. In contrast, we include a balance layer and 
bearings along the building's perimeter for flat 
roofs, as proposed in (Fath et al., 2019). 

Secondly, as pitched roofs in existing buildings 
are supposed to require an additional ceiling, the 
span of the load-bearing structure impacts its 
material consumption and thus the LCA results. To 
consider these variations in our calculation, we 
divide buildings into three categories for spans and 
take different dimensions of the load-bearing 
construction elements into account (<3m, 3m – 5m, 
5m – 7m) (Hess et al., 2012). 

Thirdly, fire safety is addressed by the 
consideration of the building height after the 
vertical extension, thus being dependent on existing 
and new structures. The building height relates to 
the fire regulations of specific countries. For this 
paper, we use the Bavarian building code 
requirements of REI30 (< 7m to top floor), REI60 (< 
13m to top floor), and REI90 (> 13m to top floor) 
requirements. High-rise buildings (> 22m to top 
floor) are not included in this study. 

Finally, we check the obtained constructions for 
their acoustic performance. If the current technical 
standards are not met, an acoustic improvement is 
considered for the LCA. Fig. 2 summarizes the 
explained dependencies of the reinforcement layer. 
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Figure 2: 
Influence of new and existing building parts on the 
reinforcement layer. 
 

 
 

Besides the reinforcement layer, vertical 
extensions cause the deconstruction of parts from 
the existing building. For the LCA of the 
deconstruction, we consider the whole roof 
structure for pitched roofs and the sealing layers for 
flat roofs. We apply a building component approach 
for the newly added parts of vertical extensions. As 
it is not possible to prove the load capacity of the 
stock building within this research, we assume that 
it has sufficient load reserves to support the 
extensions, which is often the case in Germany 
(Tichelmann et al., 2019). In general, the options for 
the different layers should be adapted when 
detailed information is available. 

The proposed layer split of the extension 
measure allows analyzing different component's 
contribution to the results. The overall impact can 
be calculated by summing up the parts. We include 
the LCA phases A1 – A3 (production), B4 (usage), 
and C3 – C4 (deconstruction and disposal). The 
results in phase D (benefits beyond the system 
boundaries) are reported separately. The freely 
available LCA-Database Oekobaudat (2020-II, 
BMWSB) is used for the calculations. The Reference 
Service Life (RSL) of the existing and new parts is set 
to 50 years. The functional unit is one square meter 
of net floor area. The considered building parts are 
exterior walls, baseplate, roof, ceilings, and 
windows. 

 
3.2 Comparing densification and new buildings 

To investigate the LCA potential of vertical 
building extensions, we compare their embodied 
impact to newly constructed buildings on a per 
square meter basis. Therefore, LCA is calculated for 
a hypothetical new building with the same 
attributes as the extension (material selection, 
energy standard). For the geometry of the new 
building, we use the union of the existing building 
and the vertical extension, as new buildings would 
mostly be built higher than only up to three stories 
(our max extension volume). Fig. 3 summarizes the 
method of comparison. We focus on embodied 
GWP and embodied PE as indicators. Therefore, we 
calculate the deviation of results for each possible 
combination as in Equation (1): 

Deviation = (∑LCAnew / ∑LCAvert.ex.) - 1        (1) 
where Deviation  - Ratio of impact new / vertical ext. 
             ∑LCAnew     - LCA results of the new building 
             ∑LCAvert.ex. - LCA results of the vertical ext. 

 
Figure 3:  
Method to compare the ecological impact of densification 
with new building scenarios. 
 

 
 

4. CASE STUDY 
This section describes the gathering of 

information for the existing buildings and 
introduces the assumptions regarding LCA and new 
building's construction. 
 
4.1 Properties of the existing buildings 

The proposed methodology is implemented for a 
multistory residential unit (Fig. 4). Necessary 
information on e.g., the materials and roof types is 
retrieved from the TABULA building typology. This 
typology provides a variety of example buildings in 
different building age classes (BAC) and information 
about building materials used (Loga et al., 2015). 
The environmental impact resulting from the 
demolition of existing building parts (e.g., the roof) 
is calculated by combining the material with LCA 
data from Oekobaudat. In case a combination is not 
available (e.g., multifamily house with pitched roof 
in BAC C), we use the constructions from the next 
higher BAC. 

As we want to investigate the impact of the 
structural span on the results, we assume varying 

 

bearing situations inside the building. Structural 
checks are out of the scope of this research. Thus, it 
is assumed that adding up to 3 stories is possible. 
Fig. 4 shows the basic geometry of the case study. 

 
Figure 4:  
Example building geometry used for the study. All units in 
meters. 

 
 

4.2 Constructions for extension and new building 
For the constructions of newly added structures, 

we use typical material combinations (timber 
frame, timber massive, masonry) and vary the 
insulation layer according to the German legislation 
(GEG), improved legislation (EE55), and passive 
house standards. For the reinforcement layer, we 
used the references described in section 3.1 for the 
basic requirements and retrieved example 
constructions from the sources shown in Table 1. If 
a construction would not be possible due to 
building legislation in Germany (e.g. Timber beam in 
REI90), it was excluded from the results. 

 
Table 1:  
Constructions used for the reinforcement layer 

Material Constructions or Layers  
(top to bottom) Sources 

Board 
pile tdmnxs01 (dataholz.eu, 

2022) 
Timber 
beam 

gdrnxa05a 
gdrnxa05b 

(dataholz.eu, 
2022) 

Concrete 
Cement screed, Sound 
insulation, reinforced 
concrete (150-260mm) 

(Pech et al., 
2020) 
(Hess et al., 
2012) 

Bearing 
timber 
(concrete) 

wood bearing 
(40x240mm) 
concrete (40x300mm) 

(Fath et al., 
2019) 
Expert talk 

Bearing 
(concrete) 

concrete (200x300mm) 
steel (3 %) 

(Fath et al., 
2019) 
Expert talk 

Balance cement screed 
mineral wool  

(Fath et al., 
2019) 

Note: Bearing and Balance layers are used for flat roofs 
only, the rest for pitched roofs. 

 
Overall, the assessment includes 12 BACs, 1-3 

stories of vertical extensions, three energy 

standards, two roof types for the new roof, one 
geometry, three span categories, three materials 
for new building elements, and three (two) 
reinforcement constructions for pitched (flat) 
existing roofs. This results in 5832 combinations for 
pitched and 3888 combinations for flat existing 
roofs. 

 
5. RESULTS 

This section summarizes the results relevant for 
answering our research questions. Therefore, we 
first focus on analyzing the proposed layer split of 
the LCA. Second, we compare the overall embodied 
impacts from vertical densification to new 
construction. 

 
5.1 Embodied emissions split 

The split into the proposed layers showed new 
added building parts as the primary source of GWP 
in LCA phases A-C. Reinforcement structures and 
demolition of existing building parts (mainly the 
roof) contributed roughly equally to the impact 
(Fig. 5 – left). Flat roofs showed better results for 
the resulting GWP of vertical building extensions 
than pitched ones. Impacts decreased when 
expanding the number of added stories (Fig. 5 – 
right). When LCA phase D was taken into account, 
the order stayed the same, but the difference 
between new and demolished/reinforced parts 
decreased. For Primary Energy (PE) renewable and 
non-renewable, the share of demolished parts 
decreased for phases A-C and A-D. 

 
Figure 5:  
Impact of the proposed layer split in LCA methodology for 
vertical building extensions (left). Difference in sum, split 
for the number of added stories and the roof type of 
existing buildings (right). 

 
 

5.2 Comparison to new buildings 
The calculation of deviations as given in 

Equation (1) showed values above zero mainly for 
flat roofs. These indicate GPW reductions of up to 
40% by creating living space through vertical 
extensions instead of new construction (phases 
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A-C). Pitched roofs are mostly located below zero, 
meaning vertical extensions on existing buildings 
that have pitched roofs did hardly outperform new 
housing (Fig. 6 - left). This changed when LCA phase 
D was taken into consideration (Fig. 6 – right). For 
PE, the results showed a similar trend, except for 
non-renewable PE, where extensions on existing 
buildings with pitched roofs outperformed flat 
roofs. 

 
Figure 6:  
Deviations of GWP impact from vertical extensions 
compared to new buildings for LCA phases A-C (left) and 
LCA phases A-D (right). 

 
Note: Values above zero mean vertical densifications do 
outperform new construction. For values below zero the 
opposite is observed. 
 
6. DISCUSSION 

The proposed split of LCA into demolition, 
reinforcement and new construction layers allows 
to identify the main sources of embodied impacts 
for vertical building extensions. The existing 
building's roof type is highly important, as it 
influences the necessary reinforcement type for the 
extension and the environmental impacts related to 
the demolition of building parts (Hafner & Storck, 
2019). Our approach shows that general conclusion 
on the environmental potential of vertical 
extensions is hardly possible, as their performance 
in terms of GWP and PE varies depending on the 
existing building and material selection. Our results 
show possible trade-offs, especially for existing 
buildings with pitched roofs, where demolition of 
roofs and necessary reinforcement contradict the 
goal of reducing ecological impacts. This knowledge 
is especially important in the early design stages 
when information on existing buildings needs to be 
collected for decision-making. Including phase D 
improves the environmental performance of 
vertical building extensions. Thus, recycling or 
reusing the existing roof structures should be 
enhanced. 

Nevertheless, vertical building extensions 
outperform new buildings regarding surface sealing, 
which makes them a highly suitable option for 
future urban development (Fatone et al., 2012). We 
compared impacts by using a geometry consisting 
of existing building and extension for the new 
building, assuming urban space and building 
legislation allow that. If the new building has to be 
built smaller than that, impacts increase due to a 
rising share of influences from, e.g., building 
foundations. 

This research is based on German building 
legislation, thus limited to this context. A sensitivity 
and uncertainty analysis should be performed to 
obtain more general conclusions, with varying 
building and extension geometries. This should also 
include checking the load capacities of existing 
buildings. In this research, only the reinforcing layer 
was modelled dependent on fire safety. For a more 
accurate comparison with new buildings, their 
construction and also necessary enhancements of 
fire safety in the existing building should be 
included. The proposed methodology can serve as a 
base for this development. 

 
7. CONCLUSION 

Vertical building extensions are essential for 
future urban development as cities become denser 
and space is a contested resource. This paper 
proposed a methodology to analyze their embodied 
impact from a lifecycle perspective. The introduced 
reinforcement layer allows investigating the 
performance of different material combinations in 
early design stages, depending on existing building's 
and vertical extension's properties. Compared to 
newly built structures, vertical building extensions 
offer potential regarding their environmental 
impact. Our application with example buildings 
from TABULA showed, that flat roofs are beneficial 
for vertical building extensions in terms of 
embodied impact. 

Nevertheless, there are cases where new 
constructions performed better than vertical 
extensions. Thus, we partly confirm our hypothesis. 
Living space built through vertical densification can 
have a lower CO2e footprint than new buildings, but 
new buildings might lower their impact by a higher 
building volume. As new buildings are rarely 
possible without restrictions in urban areas, we 
conclude that both approaches are suitable for 
specific areas of application and depend on the 
existing building's properties. The proposed 
methodology allows designers to focus on the 
critical aspects of vertical building extensions in 
decision-making processes and provides support for 
the identification of main contributors to ecological 
impact. Vertical building extensions do not 

 

necessarily outperform new buildings in terms of 
embodied GWP and PE. Splitting up into different 
building parts (existing, reinforcement, demolition, 
extension) makes optimization potentials visible 
and increases the ability to test additional material 
and construction combinations. 

While this paper focuses on embodied impact, 
building extensions can also influence operational 
impact (Leskovar et al., 2018). A combination of 
both is essential to show potential synergies and 
trade-offs in LCA. Future research should also 
consider combined scenarios, as building extensions 
are frequently applied in conjunction with 
refurbishment of the existing building, which offers 
synergetic potentials (Conci et al., 2019). Another 
future direction is including more details of 
constructions and dependencies with the building 
stock and the new structures. Also, expanding the 
methodology to horizontal building extensions 
would be valuable. 
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Obispo 204 
Application of sustainable strategies in a building in Old Havana 

 
TALIA QUESADA CAMPAÑA ¹  

 
¹ Oficina del Historiador de la ciudad de La Habana  

 
 
ABSTRACT: The project of the new branch of “Antonio Núñez Jiménez” Foundation is located in one of the 2500 
buildings in Old Havana, which have grade III of protection and are in urgent need of intervention. The main 
aims of the project were to conceive the most sustainable building possible in the historic centre and also to 
produce a learning tool for architects and developers to increase sustainability in architectural restoration in 
Cuba. To achieve these goals it was necessary to identify the strategies that can be applied in the Cuban context 
and the actors and partners that have the resources to help on the endeavour, as part of a development project, 
some principles of Circular Economy were used in the conceptualization. Some of the chosen strategies were 
energy saving enhancing daylight use, natural ventilation and solar control; production and use of energy using 
renewable sources and reduction of carbon footprint, using ecological materials and minimizing constructive 
interventions. The project has been approved by the heritage institutions that enforce regulations in Havana’s 
historic centre and is under construction. 
KEYWORDS: Heritage, Sustainable intervention, Circular Economy  
 
 

1. INTRODUCTION  
40 years after the declaration of Havana’s historic 

centre as a World Heritage Site by UNESCO in 1982, 
the city shows a very successful image for tourism. In 
1993, the government recognized Old Havana as a 
prioritized area for conservation and gave to the 
Office of the Historian legal power to implement an 
alternative scheme of heritage management. 
Nowadays, there is a consolidated structure within 
the Office for the intervention and conservation of 
the built environment and the intangible heritage of 
the city.  However, despite all the work done, Old 
Havana has been classified as an “emergency zone” 
due to the high rate of decay of its buildings. The 
renovation process, although constant in these four 
decades, is not fast enough due to reasons intrinsic to 
the intervention of old buildings and also the impact 
of Cuba’s economic crisis. Authorities have calculated 
that every three days two buildings collapse in this 
part of the city. Although the Office have intervened 
in most of the 500 structures which have the highest 
grade of protection, 2500 buildings classified as grade 
III, which are the ones that define the harmony of the 
district, are in need of urgent action (Plan Maestro, 
2016). 

In this context, the Office of the Historian has 
established a development plan for the historic 
centre for 2030. One of the main objectives of this 
plan is to work towards the sustainable development 
goals; therefore, it promotes the use of technologies, 
techniques and materials aligned with environmental 
concepts in all projects situated in the prioritised area 
of preservation (Plan Maestro, 2016). This is a difficult 

task for architects and urban planners working in the 
historic centre as compliance with heritage 
conservation regulations are mandatory in any 
intervention in Old Havana.  

Furthermore, the Office of the Historian has the 
intention to implement an integral scheme of circular 
economy with the support of international 
cooperation, especially with “Habana Circular” 
project with the Spanish institution Tecnalia. Among 
the valuable initiatives there is a plant for recycling 
demolition waste which processes all the waste 
material extracted from construction sites in the 
historic centre. 
 
2. THE BUILDING 

The project of the new branch of “Antonio Núñez 
Jiménez” Foundation is located in one of those 2500 
buildings in Old Havana, which have grade III of 
protection and need intervention. Its history can be 
traced to the colonial period, as it is located in one of 
the foundational blocks of the city. The parcel 
belonged to the building complex called “Galbán 
Lobo”, property of one of the richest families in Cuba 
before the Revolution. These buildings were offices 
and warehouses for the sugar business of Mr Julio 
Lobo. That is the reason why the structure displays 
several constructive systems: timber floors from the 
1700s or reinforced concrete columns from the 
1950s.  

 
 
 
 

 

 

Figure 1:  
Façade of the building towards Obispo Street 

 
 

The new headquarters of the Foundation will 
housed not only public spaces but also two nationally 
important archives and offices. On the ground floor, it 
will be located a lobby, technical rooms and a space 
for art shows. An exhibition space dedicated to the 
life of Antonio Núñez Jiménez, a library, guests’ 
rooms and a conference hall will be on the first level. 
The second floor will housed the most private spaces 
with the offices and the archives of the institution. An 
open terrace for social activities, a green roof and a 
space for co-working will be at the top floor. The idea 
of the organization is to showcase on the project its 
principles of care for the environment, sustainability 
as well as the promotion of sciences like Geography 
and Anthropology. At the same time, the Office of the 
Historian has embraced the project as an opportunity 
to have a sustainable restoration scheme in Old 
Havana.  
The main aim of the project is not only to conceive 
the most sustainable building possible, but also this 
will be a pilot project that can be used as a learning 
tool for architects and developers to increase 
sustainability in architectural restoration. In 
consequence, the designers have considered the 
design and the construction stages as important as 
the final realisation of the building, because through 
promotion and consultation, it will be possible to 
make alliances with the private and academic sector 
as well as promote environmental design on heritage.   
To achieve these goals, the design team has identified 
the strategies that can be applied in the Cuban 
context and the actors and partners that have the 
resources to help on the endeavour. 
 
3. APPROACH 

In order to fulfil the objectives of the project, the 
designers have taken several steps. The first one was 

to study the building, its context and climate. A 
structural survey was done to assess the load bearing 
capacity of the building, as well as a historic 
investigation. Also, using Ladybug and Honeybee on 
Grasshopper software, the architect evaluated the 
influence of the climatic variables on the structure, 
testing specially the influence of the plot’s subdivision 
on daylight access and ventilation.  

The second part was to identify the environmental 
fields of intervention for the project and the possible 
strategies to address them. Based on the main 
environmental problems drawn in the Special Plan for 
Development for 2030 of Old Havana (PEDI) (Plan 
Maestro, 2016), four areas of action were chosen: 
energy, water, carbon footprint and biodiversity.  

Another stage of the project was to evaluate and 
assess the strategies regarding economic and 
technical feasibility in the Cuban context, as well as 
compliance to heritage codes and building 
regulations. The designers researched the legal 
framework for sustainable interventions in Havana 
and it was found that Old Havana urban regulations 
allow the introduction of environmentally friendly 
equipment and approaches in grade III of protection 
buildings. Regarding renewables, the government is 
currently supporting the introduction of photovoltaic 
systems on the urban fabric, given incentives and 
facilitating the sale of the remaining energy produced 
by this type of installations. The legal context for 
residual and rainwater reuse is less beneficial, being 
the introduction of isolated strategies of black and 
even grey water treatment in buildings almost 
impossible to achieve. Therefore, only rainwater 
collection and its use on toilets or irrigation were 
possible on the project.  

Afterwards, there was a period of research about 
the economic and technical feasibility of the 
proposed strategies in Cuba. In the early stages of the 
project, workshops and presentations were arranged 
to show the ideas to different collaborators, scientific 
researchers, private entrepreneurships, architects, 
construction material suppliers and producers. In this 
endeavour it was crucial the role of the Foundation, 
that called its partners from Cuba and around the 
world to discuss the solutions. From this step, the 
design team obtained valuable partnerships and 
feedback. New materials produced in Cuba were 
discovered like “Ecomadera”, composite structural 
elements made 100% of recycled plastics, produced 
by a cooperative. This initiative helped to visualize 
what it is done in the country and the world in terms 
of sustainable interventions and its benefits were felt 
not only in the project of Obispo 204 but in other 
projects in Old Havana.  

The architect and engineers involved in the 
project did the final evaluation of the proposed 
strategies using software simulations and 
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calculations. For example, it was calculated the solar 
panels yield, the forced ventilation parameters and 
the rainwater harvest. Furthermore, to use daylight 
as much as possible, it was applied an evidence-based 
approach in which design decisions were taken using 
computer simulations. First, the structure was 
modelled on Rhinoceros and then; using 
Grasshopper, Ladybug and Honeybee, Daylight 
Autonomy (DLA) and Useful Daylight Illuminance 
simulations were performed in each level of the 
building.  

 
4. STRATEGIES EXPLAINED 

After the analysis of the building and the 
examination of different scenarios, the designers 
determined five main strategies that could work in 
the context of the historic centre in Havana to tackle 
some of the main environmental issues of the city’s 
district (Fig.1).  

The strategies were: 
• Energy saving enhancing daylight use, natural 

ventilation and solar control. 
• Production and use of energy using renewable 

sources. 
• Rainwater harvesting and use for toilets and 

irrigation. 
• Reduction of carbon footprint, using ecological 

materials and minimizing constructive 
interventions. 

• Gardening and greenery strategically placed 
for thermal insulation and air quality 
improvement. 

 
Figure 2:  
Building’s main sustainable strategies. 

 
 
4.1 Energy savings  

One of the areas of work of this strategy was the 
access to daylight with the objective to reduce as 
much as possible the use of artificial lighting. The 
approach was to put on the brightest places functions 
like the library and the offices. Conversely, spaces like 
the archives and the conference room were located 
in the darker areas because in these cases too much 

daylight can be harmful or unwanted. Also, with the 
help of daylight simulations the architect detected an 
area where there was not enough daylight access 
because of the new subdivision of the plot. It was 
decided then, to open a new patio to give a new 
source of light and natural ventilation (Fig.3). 

 
Figure 3:  
Daylight Autonomy for 500lux in the first and second level 

 
 
Solar protection and natural ventilation were 

other factors studied as part of the energy saving 
strategy. Hence, the designers explored ways to 
passively achieve thermal comfort. Especially, for the 
terrace at the top of the building it was designed a 
double roof in order to reduce the effect of the solar 
radiation. The top layer will be built with solar panels 
and will collect rainwater (Fig. 4).  
 
Figure 4: 
 Covered terrace at the top floor 

 
 

In addition, an automatic system will manage 
several aspects of the functioning of the edifice and 
will allow the control and visualization of the 
environmental performance during operation (Fig. 5). 
 
Figure 5: 
 Fields controlled by the automatic system 

 
 

 Despite the designers’ ambition to reduce the 
consumption of energy by enhancing the use of 

 

 

natural ventilation the nature of some of the 
functions in the building and the client’s request to 
mechanically air-condition the offices resulted in a 
different scheme. The strategy was to divide the 
spaces and functions in four different conditioning 
zones. The first one with naturally ventilated spaces 
like the co-working space at the top floor, the second 
group with “forced natural ventilation” for the 
archives, the conference room and the gallery, and 
lastly two groups with mechanically conditioned 
spaces, the bigger rooms such as the offices with a 
centralized system and the isolated smaller spaces 
like the servers room with a multi-split system (Fig. 
6).  
 
Figure 6:  
Types of environmental conditioning and control scenarios 
in the building 

 
Note: VRV: variable refrigerant volume, VAV: variable air 
volume 
 

A major reason of concern for the consumption of 
energy was the conditioning of the archives in the 
building. Usually, spaces that store old documents 
and heritage pieces require a controlled environment 
with stringent values of temperature and relative 
humidity for 24 hours. Nevertheless, the designers in 
collaboration with authorities of the Cuban National 
Archives have chosen a different strategy for the 
project. It has been long discussed that pieces in 
tropical climates can withstand high values of 
temperatures and relative humidity (Toledo, 2007). In 
addition, there have been dire consequences for 
valuable collections in Cuba with too stringent 
environments dependable on air-conditioning 
equipment in a context where electrical supply is 
unsteady. Researchers have stated that drastic 

changes in the environmental conditions of archives 
make more damage than constant high 
temperatures, therefore a space with crossed 
ventilation and provisions to prevent insect’s 
entrance would make a good environment for the 
pieces (Borrego, 2019).  Most of the archives will be 
located in a large room conditioned with crossed 
ventilation achieved by windows to the patio, tubular 
fans that support the attainment of the required air 
changes per hour and extractor fans located on the 
roof which exhaust air through conducts. The idea is 
to achieve an average air speed between 0.25 to 0.30 
m/s, to prevent dust particles to settle on surfaces. 
Ceiling fans will help in the achievement of thermal 
comfort. The mechanical engineer of the project 
calculated the sizing and final design of the system, 
using a steady-state worst case scenario method 
(Table 1).  
 
Table 1: 
Inputs for the archives’ calculations 
 

Exterior conditions 
Dry bulb temperature 32.0°C 
Wet bulb temperature 26.5°C 
Relative humidity (RH) 62% 
Daily temp. difference 8.0°C 
Mean wind speed 7km/h 
Interior conditions 
Air changes per hour 6 
Air speed 0.25 -0.30 m/s 

 
4.2. Production and use of renewable sources´ 
energy. 

In a country like Cuba, dependent on fossil fuels 
that are scarce in its territory, implementation of 
renewable energy projects is essential. However, in 
Old Havana until this date there are few examples of 
a photovoltaic systems integrated to a building; 
therefore, the Foundation project will be one of the 
first incursions in this field.  

The photovoltaic panels will be located in two 
different arrays, one over a portion of the building’s 
roof and the second will be the upper layer of the 
new double roof. This will be a stepped structure 
where some modules will have an inclination of 15° 
(ideally for Cuba’s latitude) and the others with an 
angle of 5° in altitude to create steps that will reduce 
the speed of the running rainwater and prevent 
bottlenecks in the drainage system. Additionally, with 
the location of the systems, the designers ensured 
that the panels cannot be seen from the street to 
comply with heritage regulations. 
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Figure 7:  
Projection of the monthly generation of the photovoltaic 
system  

 
The whole photovoltaic system is composed by 

the panels and two invertors connected to the 
building´s electric network and the national grid, 
there will not be batteries. As a result, the energy not 
consumed by the Foundation will be injected directly 
into the grid. The calculation of the yield and 
efficiency of the system was done by Cubasolar; a 
Non-Governmental Organization specialized in solar 
systems in Cuba. The calculations were performed 
using the photovoltaic panel that is produced in the 
country, a standard module of 270Wp of power and 
size of 1.66 x 0.9 meters. The system is expected to 
produce 36.76MWh/year, which is 79.06% of the 
actual consumption of the Foundation in its current 
headquarters (Ledón, 2020) (Fig.7). The demand in 
the new building will be different and probably 
higher; however, it has been estimated that it will be 
sufficient to meet the electrical demand of the 
project excluding air-conditioning consumption. 

 
4.3. Rainwater harvesting and use 

To reduce the consumption of potable water in 
the project, it was decided to implement a system of 
rainwater harvesting and use the harvest to supply 
the toilets, to water the plants and to clean. The 
roof’s portions that will collect water will not have 
public transit, to ensure that the collected water will 
be as clean as possible. In addition, filtering will be 
used in different parts of the collecting system and 
chlorine will be added on the underground deposit, in 
order to comply with the local regulations.  

With a collection area of 311.42 m2 and the 
monthly average values of precipitation for Havana, it 
was calculated the possible amount of water that can 
be collected with an efficiency of 80%. At the same 
time, it was estimated the quantity of water used by 
the toilets in the building and it was concluded that 
108% of the yearly demand of water can be met by 
the collected rainwater. However, if the data is 
monthly analysed, it can be observed that in the drier 
months the demand surpass the harvest and vice 
versa in the rainy season (Fig. 8). Due to the size of 
the available deposit it is not possible to store water 
from one season to the other; nevertheless, toilets 

can be supplied with rainwater more than 70% of the 
year. 

 
Figure 8:  
Monthly rainwater collection in 311.42m2 and toilet and 
irrigation demand. 

 
4.4. Carbon footprint reduction  

Besides making the most of the structure of the 
building and the reduction to a minimum of the 
interventions on the original walls, in the strategy of 
reduction of the carbon footprint; it has been a 
priority the use of local and ecological building 
materials. Fortunately, Old Havana’s institutions 
offered a positive context for the use of alternative 
materials. For example, in the framework of 
international cooperation projects and “Habana 
Circular” initiative the recycling plant of demolition 
material have been improved. Hence, concrete blocks 
and pavement tiles on the buildings will be made with 
waste from construction sites of the historic centre. 

On the other hand, leftovers glass panes from the 
only photovoltaic manufacturer in Cuba will 
constitute windows and interior partitions in the 
building. The architect decided also, the use of 
natural materials like bamboo for the elements of 
solar protection.  

In addition, as the construction progresses, it has 
been found unattended ways to reuse and recycle 
waste materials. The contractors as well as the 
management team have developed a framework in 
which no material is discarded. On site, there is a 
group of two workers in charge of preparing, 
classifying and quantifying the demolition and 
recycled material to reuse on the building (Fig.9).  At 
the same time, pavement tiles and ceramic ceiling 
panels from neighbouring construction sites are used 
on the structure (Fig. 10). 
 
Figure 9:  
Workers classifying waste material on site 

 

 

 

Figure 10:  
Source of materials used on site 

 
 

4.5. Greenery and gardening use 
As part of the strategy to use plants as thermal 

insulation and air quality improver the design team 
decided to install several green walls and one green 
roof. The localisation of the gardens was determined 
according to the solar analysis to protect the surfaces 
which have a higher incidence of the sun. 

The green walls would be of different type and 
dimensions, the biggest one would be located to the 
exterior in the western façade, where the effect of 
insulation would have a greater impact. In the same 
way, the garden roof would be situated in the South-
western corner of the building, which is the area with 
more solar load and the roof of the offices, where 
more people will remain daily.  
 
Figure 11:  
Rendering image of the green roof at the top floor.  

 
 

5. CONCLUSION 
This endeavour has marked a route for 

sustainable interventions in Old Havana and the 
Office of the Historian has embraced the project and 
has decided to implemented at full. The plans and 
documentation of the project was presented to 

Havana’s Heritage Commission (Comisión Provincial 
de Monumentos) for approbation and it was 
accepted the whole intervention. As a positive proof 
of the influence of Obispo 204 it can be mentioned 
that some solutions and suppliers of ecological 
materials, first discovered with the project, are 
already been implemented in other buildings in the 
historic centre.  

On the other hand, it must be mentioned that the 
scope of the strategies was possible because the 
building was classified as a Grade III of protection; 
therefore, the same approach would be hard for a 
building with Grade I or II of protection in Cuba. 
Regarding the photovoltaic system, it is expected that 
only a small portion of the energy consumption can 
be meet by the system, as the air-conditioning 
equipment of the building is too extensive despite the 
zoning implemented. Therefore, it would have being 
better to have the building running completely 
passively.  

Even though the chosen strategies need to be 
tested, the approach has been positive especially in a 
context of resource scarcity during the pandemics; 
with imports drastically reduced the only available 
materials are reused or local ones.  

 
ACKNOWLEDGEMENTS 

The author wants to acknowledge the Historian’s 
Office of Havana and “Antonio Núñez Jiménez” 
Foundation for providing permission to publish. In 
addition, the author thanks the architect Belmont 
Freeman for his collaboration and support. 

 
REFERENCES  
1. Borrego, S. (2019) Lineamientos para el local de archivo 
de la nueva sede de la Fundación Antonio Núñez Jiménez. La 
Habana: Archivo Nacional de Cuba. 
2. Ledón, N. (2020) Estudio para la instalación de un 
sistema fotovoltaico para aportar electricidad a la 
Fundación Antonio Núñez Jiménez. La Habana: GenSolar, 
Cubasolar. 
3. Plan Maestro. (2016). Plan Especial de Desarrollo Integral 
de La Habana Vieja 2030. La Habana: Oficina del Historiador 
de la ciudad de La Habana. 
4. Toledo, F. (2007) Museum Passive Buildings in Warm, 
Humid Climates. Contribution to the Experts’ Roundtable on 
Sustainable Climate Management Strategies. Tenerife, 
Spain. The Getty Conservation Institute. [Online] Available 
from: 
http://www.getty.edu/conservation/our_projects/science/
climate/paper_toledo.pdf  
 



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

720 721

PLEA 2022 SANTIAGO 
Wil l  C ities Surv ive?  

 

Decarbonization at the campus scale 
Evaluating the life-cycle carbon impacts of deep energy retrofits of 
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ABSTRACT: To meet 2050 decarbonization goals, institutional leadership will need to reduce operational 
energy use while preserving the existing building stock. This study investigates life-cycle carbon retrofit 
impacts for university buildings. The team selected one representative structure for each of the three most 
energy-intensive typologies on campus: laboratories, dormitories, and offices. The team then employed 
operational energy simulation and life-cycle assessment software to model a code-minimum retrofit, deep 
energy retrofit, and code-minimum new construction scenario for each building type (considering window, 
exterior wall, and roof assembly upgrades). By comparing the carbon payback period of the retrofit and new 
construction scenarios and changes to the payback period based on linear decarbonization of the electric grid, 
the study identifies strategies and materials with the greatest potential to affect carbon reductions at 
academic institutions. 
KEYWORDS: Carbon payback, embodied carbon, campus, retrofit, life-cycle assessment 

 
 
1. INTRODUCTION 

Many large institutions, corporations, and 
governments have committed to decarbonizing their 
energy supply by 2050 [1]. They cannot claim climate 
neutrality, however, unless this shift is coupled with 
aggressive reductions in embodied carbon emissions. 
Currently, materials and construction are responsible for 
roughly 27% of building-related global greenhouse gas 
emissions [2], but this percentage is expected to rise as 
the electricity grid decarbonizes and institutions enact 
stricter performance standards [3]. Life-cycle carbon, 
which considers both operational and embodied carbon, 
is a more appropriate metric for evaluating building 
interventions [4,5]. If large institutions wish to meet these 
commitments in good faith, the additional embodied 
carbon they invest in building upgrades should be offset 
by operational carbon savings by 2050 at the latest. 

This paper introduces a method to guide renovation 
planning based on life-cycle carbon. Previous studies have 
detailed retrofit prioritization tools for campus energy 
efficiency [6,7], and many others have built workflows to 
balance operational and embodied energy, but the 
authors found no literature that ordered academic 
campus buildings by potential life-cycle carbon reduction.  
 
1.1 Context and Literature Review 

This study builds upon previous work that assesses 
the balance between embodied and operational carbon in 
buildings. Researchers have compared direct and indirect 
building energy inputs as early as 1976 [8]. In 1987, 

scholars calculated a period of 5.5 years for operational 
energy to overtake initial construction energy [9]. 
Likewise, HVAC and lighting energy quickly surpassed the 
initial embodied emissions for all structural options in a 
study on life-cycle emissions from office buildings [10]. 
Subsequent studies have presented cases where 
embodied carbon dominates total life-cycle emissions 
[11], but researchers disagree on whether or not the 
pursuit of higher performance results in higher absolute 
embodied emissions [12,13]. Scholars have presented 
cases where the life-cycle carbon of net-zero, off-grid, or 
passive house structures exceeds or negligibly differs 
from that of poorer-performing alternatives [14,15].  

Compared to new construction, retrofits offer a 
greater opportunity to reduce operational carbon with 
minimal input of embodied carbon [16]. Modest upgrades 
to existing buildings typically result in lower life-cycle 
carbon emissions than all but the most energy-efficient 
new buildings [17]. Retrofits can be further justified due 
to rapid life-cycle carbon returns on investment, which 
are typically less than 10 years [18] and nearly always less 
than the new material’s service life [12,19].  

 
2. SCOPE AND METHODOLOGY 

The team focused on university buildings at an 
existing historic campus as a controlled model to assess 
various decarbonization strategies. Per the IECC climate 
zone map, the campus is located in cool, humid Zone 5A 
[20]. Operational and embodied impacts were measured 
by comparing energy simulation results to whole-building 

 

Life Cycle Assessment (LCA) results. Using the university’s 
energy reporting platform, one representative structure 
was selected for each of the three most energy-intensive 
building typologies: laboratories, dormitories, and offices. 
Buildings with high operational carbon intensity (OCI) per 
area, few building renovations, mid-range gross floor 
areas, and aesthetics representative of the campus were 
prioritized. The following buildings were selected: 
 

Building Constr. (yr) Area (sqm) Description 
Laboratory  1884 4640 Masonry; wood floors 
Dormitory   1948 6710 Masonry; conc. floors 
Office   1894 560 Wood-framed 

Table 1: Summary of buildings selected for case study. 
 

For each building, the team compared the as-built 
scenario to three building upgrade scenarios: code-
minimum retrofit, deep energy retrofit, and code-
minimum new construction (see Table 1). The scope was 
limited to envelope upgrades including wall insulation, 
roof insulation, windows, and air barriers.   

The as-built conditions were based on architectural 
drawings, satellite images, and geo-spatial data. In cases 
where it was difficult to infer the as-built assemblies, the 
team assumed assemblies that would have been common 
at the time of construction. Assumptions for the Physical 
Laboratory have been outlined in Table 1.  

The targeted envelope upgrade values for the code-
minimum retrofit scenario were based on the Ninth 
Edition of the Massachusetts State Building Code [20]. To 
ensure code-compliant R-values for the upgraded exterior 
wall and roof assemblies, the team calculated the 
minimum amount of each type of insulation needed to 
comply with the target R-value. They then used the 
thinnest standard insulation product that would still 
comply with code in each assembly.  

For the deep energy retrofit scenarios, targeted 
envelope upgrade values—including air tightness, 
window U-value, and Solar Heat Gain Coefficient—were 
largely based on EnerPhit standards [21]. EnerPhit-
recommended R-values, however, were lower than code 

minimums, so the research team adopted the National 
Grid Deep Energy Retrofit Pilot Program’s targets of R-60 
for roof insulation and R-40 for above-grade walls [22]. 

The team then ran energy simulations to obtain the 
annual operational energy consumption for each building 
and each scenario (see Sections 2.1 and 3.1). Next, within 
each scenario, the embodied carbon associated with two 
material palettes were compared: one using highest 
carbon feasible materials and the other using lowest 
carbon feasible materials (see Sections 2.2 and 3.2). With 
the resulting Global Warming Potential (GWP) from each 
palette, the team calculated the carbon payback for each 
scenario. By using extremes, the team could ascertain a 

reasonable range of embodied carbon while limiting the 
number of design parameters. Likewise, calculating the 
difference of two antipodal values provided a quick 
estimation of the sensitivity of material choice, and many 
previous studies have shown that material choice is a key 
determinant of embodied emissions [23,24]. 
 
2.1 Energy Performance Simulations 

The team employed DesignBuilder [25] to compute 
the energy reduction for each proposed scenario (see 
Section 2). Each floor was modelled as one continuous 
zone and interior partitions were not considered. The 
activity templates, occupancy schedules, and mechanical 
system specifications were determined by applying the 
office, laboratory, and dormitory templates internal to 
DesignBuilder. The target values associated with each 
scenario are summarized in Table 1. 

The base case scenario represents the existing 
building’s current level of insulation with a high air 
infiltration rate. Thus, the energy simulation results for 
site energy for cooling and heating approximate the fuel 
consumption of each existing building. The real fuel 
demand was obtained through the university’s web-based 
monitoring platform based on year 2018 data. The four 
fuel types surveyed among the studied buildings are 
steam, chilled water, electricity, and natural gas. This 

Table 2: The matrix above indicates the project scope, retrofit scenarios, and envelope upgrade targets for the Physical Laboratory. 
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platform, however, did not provide information about 
end-uses for each fuel type. The team assumed the fuel 
distribution per Table 3. 
 

 Cooling Heating 
% Fuel kgCO2e/ 

Btu 
% Fuel kgCO2e/ 

Btu 
Lab 100 Chilled 

water 
0.021 99 Steam 0.068 

Dorm 7.9 Electricity 0.114 32.3 Natural 
Gas 

0.053 
Office 35.2 97 

Table 3: Assumed fuel and demand for each building typology 
and carbon Intensity per fuel (kgCO2e/Btu). 
 

Operational carbon emission calculations were based 
on campus-wide energy metering data. The team used the 
carbon-intensity-per-fuel metrics currently used by the 
institution to ensure consistency (see Table 3). Carbon 
intensity rates were multiplied by the current energy 
demand and simulated reductions to obtain the projected 
annual operational carbon emissions after performing 
different levels of retrofit per Equation (1). 
 

𝑂𝑂𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = (𝐸𝐸𝐷𝐷𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟 ∗ 𝐶𝐶𝐼𝐼𝑟𝑟𝑐𝑐𝑟𝑟𝑓𝑓 ∗ 𝐸𝐸𝑅𝑅%)𝑐𝑐𝑟𝑟𝑟𝑟𝑓𝑓𝑟𝑟𝑐𝑐𝑐𝑐
+ (𝐸𝐸𝐷𝐷𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟 ∗ 𝐶𝐶𝐼𝐼𝑓𝑓𝑟𝑟𝑐𝑐𝑟𝑟𝑙𝑙𝑟𝑟 ∗ 𝐸𝐸𝑅𝑅%)ℎ𝑟𝑟𝑙𝑙𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 

 
Where, OCretrofit - annual operational carbon  

emissions for cooling and heating after  
retrofitting (kgCO2e/yr); 
EDcurrent - current building energy demand (Btu/yr); 
CIfuel - Carbon Intensity factor per fuel  
(kg CO2e/Btu); 
ER% - simulated  energy demand reduction (%). 

 
2.2 Embodied Carbon Modeling  

The assemblies in the life cycle inventories of the 
larger masonry buildings (dormitory and laboratory) 
differed slightly from the those of the office. For example, 
the team assumed that the stud cavity in the office’s 
wood-framed construction could be filled with cellulose 
insulation, whereas the masonry construction of the 
dormitory and laboratory necessitated adding interior 
rigid insulation on steel furring channels.  Additionally, 
because the masonry buildings had historic value, the 
team assumed any upgrades to those buildings should not 
impact the appearance of the masonry facades. 

Using Tally [26], a Revit plug-in that utilizes GaBi 2018 
LCA databases, the team conducted a LCA study to 
quantify the environmental impacts of the high-carbon  
and low-carbon palettes for each building upgrade 
scenario. The service life of these materials was set to 30 
years to compute the impact by 2050. The assessment 
considers LCA stages A1-A5 and B2-B5 and excludes end-
of-life. Likewise, the embodied carbon that had already 
been spent in the original construction of the existing 
structures was excluded from the analysis, per convention 

[27]. Finally, the authors modeled biogenic carbon as a 
negative GWP flow as permitted in Tally. 

The team assumed replacement in kind for finishes in 
all code-minimum and deep-energy retrofits. For the new 
code-minimum construction scenario, it was assumed 
that the building was constructed with the same structure 
as the existing building but upgraded to comply with 
current code requirements. 
 
2.3 Carbon Payback Calculations 

Per Equation (2), the total carbon payback was 
calculated by dividing the total embodied carbon 
emissions associated with each scenario (code-minimum 
retrofit, deep energy retrofit, and code-minimum new 
construction) and material palette (high-carbon materials 
and low-carbon materials) by the annual operational 
carbon reduction associated with the same scenario.  

 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝐸𝐸𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑂𝑂𝐶𝐶𝑏𝑏𝑙𝑙𝑏𝑏𝑟𝑟 − 𝑂𝑂𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 

 
where Pretr - carbon payback period of retrofit (yrs); 

ECretr - retrofit’s embodied carbon (kgCO2e); 
OCbase - base case operational carbon (kgCO2e/yr); 
OCretr – retrofit’s operational carbon (kgCO2e/yr). 

 
After this point, the carbon savings from better energy 
performance will have eclipsed the initial embodied 
carbon expenditure.  
 
2.4 Life-Cycle Carbon Reduction Potential 

To estimate a maximum Life-Cycle Carbon Reduction 
Potential (LCCRP) for each typology, the team computed 
the cumulative GWP savings per area, over 30 years 
(2020-2050) of using low-carbon retrofit materials and 
assuming linear decarbonization of Massachusetts’s 
electric grid (Equation 3).  
 

𝐿𝐿𝐶𝐶𝐶𝐶𝑅𝑅𝑃𝑃 =  𝑂𝑂𝐶𝐶𝑏𝑏𝑙𝑙𝑏𝑏𝑟𝑟 − 𝑂𝑂𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐸𝐸𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟_𝐿𝐿𝐿𝐿
𝐹𝐹𝐴𝐴𝑏𝑏𝑓𝑓𝑏𝑏𝑐𝑐

 

 
where LCCRP - Life-cycle carbon reduction potential  

(kgCO2e/m2); 
OCbase - base case operational carbon (kgCO2e); 
OCretr - deep retrofit operational carbon (kgCO2e); 
ECretr_LC - embodied carbon of retrofit with low- 
carbon material palette (kgCO2e); 
FAbldg - Floor area of case study building (m2). 

 
The results of Equation (3) were then fed into a Retrofit 
Priority (RP) equation (Equation 4) for each building: 
 

𝑅𝑅𝑃𝑃 = 𝐿𝐿𝐶𝐶𝐶𝐶𝑅𝑅𝑃𝑃 ∗ 𝐹𝐹𝐴𝐴𝑏𝑏𝑓𝑓𝑏𝑏𝑐𝑐 
 
where RP - retrofit priority. 

(1) 

(2) 

(3) 

(4) 
 
 
 
 
 
 
 
 

 

 
Each typology was assigned only one LCCRP value, so floor 
area was the greatest determinant of priority.  
 
2.5 Weighted Retrofit Priority 

The methods in the previous section proved useful 
for estimating savings on the campus scale, but the 
analysis’s insensitivity to building service life limits its 
utility for guiding retrofit decisions. Consequently, an 
alternative metric factoring building age—the weighted 
retrofit priority (WRP)—was developed (Equation 6).  

The WRP sums two building characteristics that 
correlate with greater retrofit need: age and operational 
carbon intensity. First, the values for each building were 
unitized to produce values from 0 to 1 (Equations 5-1 and 
5-2). The bounds establish a representative distribution, 
but rigorous statistical analysis was not applied. 

 

𝐴𝐴𝐴𝐴𝐴𝐴𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢:  0 ≤
𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎_𝑙𝑙𝑙𝑙

𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎_ℎ𝑢𝑢 − 𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎_𝑙𝑙𝑙𝑙
≤ 1 

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢:  0 ≤ 𝑂𝑂𝑂𝑂𝑂𝑂 − 𝐵𝐵𝑙𝑙𝑜𝑜𝑢𝑢_𝑙𝑙𝑙𝑙
𝐵𝐵𝑙𝑙𝑜𝑜𝑢𝑢_ℎ𝑢𝑢 − 𝐵𝐵𝑙𝑙𝑜𝑜𝑢𝑢_𝑙𝑙𝑙𝑙

≤ 1 

 
where Age - building age (yrs); 

Ageunit - building age, unitized (yrs); 
Blo – score low bound (0 for Age and OCI); 
Bhi – score high bound (200 for Age; 260 for OCI); 
OCI - operational carbon intensity (kgCO2e/m2yr); 
OCIunit - operational carbon intensity, unitized 
(kgCO2e/m2yr). 

 
The unitized values were then fed into the WRP equation 
to produce a score for each building. For simplicity, a1 and 
a2 were set to one in order to weight Age and OCI equally.  
 

𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑎𝑎1𝐴𝐴𝐴𝐴𝐴𝐴𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 + 𝑎𝑎2𝑂𝑂𝑂𝑂𝑂𝑂𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 
 
where WRP - weighted retrofit priority; 

a – weighting coefficient. 
 
3. RESULTS 
3.1 Operational Energy 

The team found a range of 19% - 71% reduction in 
total operational heating and cooling energy depending 
on construction type, program, and insulation level of the 
retrofit. Operational carbon (OC) reductions ranged from 
11% - 79% depending on fuel type (see Table 5). 
 

 Base-case EUI (Wh/m2) 
Heating Cooling 

Lab 77.36 109.23 
Dorm 39.94 13.77 
Office 69.54 37.17 

Table 4: Base Case Energy Use Intensity (EUI) from the energy 
model were used to calculate operational energy (OE) reductions. 
 

 Code-compliant Retrofit Deep-Energy Retrofit 
H (%) C (%) T (%) H (%) C (%) T (%) 

Lab OE. -30 -11 -19 -99 32.0 -22 
OC -29.6 -11.2 -10.8 -99.2 31.9 -18.8 

Dorm OE -53 -10.6 -42 -96 -0.2 -71 
OC -52.6 -10.6 -12.4 -96.1 -0.2 -34.7 

Office OE -27 -12 -22 -93 10.0 -57 
OC -43.3 -18.8 -37.9 -94.7 10.4 -78.9 

Table 5: OE reductions from energy models and calculated OC 
reduction potential. H - Heating demand reduction; C - Cooling 
demand reduction; T - Total energy reduction. 

 
3.2 Embodied Carbon 

On average, renovations to the wood-framed office 
building resulted in the lowest embodied emissions per 
area. The difference in GWP between the high-carbon and 
low-carbon materials was largest in the deep energy 
retrofit scenario, where large quantities of new materials 
were needed to reach higher performance targets. 
Generally, embodied carbon increased with the intensity 
of the building upgrade. However, the wood-framed 
office building saw average embodied emissions decrease 
in the new-construction scenario, likely due to the credit 
taken for biogenic carbon in the added wood structure. 
 

 GWP (kgCO2e/m2) Payback (yrs) Payback (yrs) 
No decarb. Linear decarb. 

Palette Low High Low High Low High 
Laboratory 
CR 9.94 74.15 0.82 6.12 1.64 12.24 
DR 15.8 305.22 0.75 14.46 1.5 28.91 
NC 273.13 301.25 22.5 24.87 45.09 49.74 
Dormitory 
CR 8.5 111.7 0.63 8.21 1.26 16.43 
DR 11.5 208.2 0.47 8.48 0.94 16.96 
NC 167.9 286.4 12.4 21.1 24.7 42.14 
Office 
CR -17.26 82.67 0 5.99 0 11.97 
DR -8.89 248.91 0 8.66 0 17.32 
NC 24.07 166.62 1.74 12.06 3.49 24.13 

Table 6: GWP and carbon payback period comparison among 
building upgrade scenarios; CR - code-level retrofit; DR - deep 
energy retrofit; NC - new code-level construction. 
 
3.3 Carbon Payback 

As seen in Figure 1, the payback period increases 
significantly as the grid becomes less carbon-intensive, 
suggesting that building retrofits will be an increasingly 
important tool to reduce emissions as electric grids 
continue to decarbonize.  

 

(5-1) 

(5-2) 

(6) 
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Figure 1: The payback period for the low- and high-carbon 
material palettes is shown for a business-as-usual case 
(indicated by the dashed gold line) and a case in which the 
Massachusetts grid decarbonizes, achieving carbon neutrality in 
2050, at a linear rate (indicated by the solid gold line). The green 
area under the curve represents carbon emissions associated 
with the low-carbon material package, while the red area 
represents the high-carbon alternative. 
 
3.4 Retrofit Prioritization 

Equation (4) heavily rewards office buildings with 
large floor areas. If all campus buildings with complete 
data—approximately 500,000 sqm—underwent 
immediate deep energy retrofits with low-carbon 
materials, the institution could reduce life-cycle emissions 
by more than 184,000 tCO2e through 2050. 

Equation (6) weighted age and operational carbon 
equally. The maximum WRP of 2.0 indicates the greatest 
retrofit need. Actual scores varied from 0.28 (a 54-year-
old dormitory with an OCI of 0.29 kgCO2e/m2/yr) to 1.32 
(a 193-year-old office with an OCI of 91.21 kgCO2e/m2/yr). 
In general, compared to RP, the WRP scores were higher 
for smaller buildings. 

To compare the agreement of both methods, the 
team curated identical sets of buildings by removing any 
entry with incomplete data for floor area, typology, OCI, 
or age. These buildings were then ranked by Equations (4) 
and (6), and only one property—a ~20,500 sqm laboratory 
built in the 1930s—appeared in the top ten of both scores. 
In fact, the ordered lists only achieved a Kendall’s τ 
coefficient of 0.14, which indicates a weak correlation.  
 
4. DISCUSSION 
4.1 Contributions 

Though the study scope was limited to a subset of 
campus buildings in New England, the findings could be 
applied across cities more widely and suggest that 
retrofits will play a critical role in future decarbonization 
efforts. For instance, all renovation scenarios achieved 

payback, whereas two of six new construction scenarios 
did not pay back by 2050 with linear grid decarbonization. 
The results also indicate that materials have a significant 
impact on the life-cycle carbon payback period of a 
construction project. Low-carbon materials often resulted 
in a payback period far shorter than that of comparable 
high-carbon materials, particularly in retrofit scenarios 
(see Table 6). Thus, although all retrofit actions paid back 
before the end of their technical service life, the rapid 
returns of 10 years or less seen in literature are highly 
dependent on material choice. These findings could be 
useful for many institutions—university or otherwise—
looking to target embodied carbon in their 
decarbonization planning.  

 
 

4.2 Limitations 
The team used the BIM LCA tool Tally to streamline 

the workflow, and while such tools have been shown to 
produce comparable results between platforms [28], 
researchers still report discrepancies with complete LCA 
studies [29]. Though the use of extreme cases provided a 
basic estimate of sensitivity, proper quantifications of 
uncertainty and sensitivity analyses would add robustness 
to the team’s methods. And, if compared to methods in 
EN 15978 [27], the team’s treatment of biogenic carbon 
likely overestimated wood’s sequestration potential. 

To study the impacts of decarbonizing 
Massachusetts’s electric grid, the team assumed-linear 
decarbonization targeting a net-zero grid by 2050.  The 
carbon payback period for each retrofit scenario is highly 
sensitive to the grid’s carbon intensity, and a more 
nuanced decarbonization prediction model would yield 
more accurate results for the carbon payback period. 

Finally, the team modeled each floor as one zone for 
expediency, but core-perimeter auto-zoning would have 
produced more accurate results [30]. Likewise, although 
previous studies have validated modeling representative 
buildings and extrapolating results to a larger stock [31], 
caution should be taken in applying this paper’s results to 
varied contexts.  
 
4.3 Future Work 

This study presents a proof of concept for a 
methodology to assess the carbon payback of fabric-first 
retrofits and prioritize campus buildings for renovation 
based on which structures could achieve the greatest life-
cycle carbon reductions. As noted in Section 2.4, the 
prioritization tools are basic, and effort should be spent to 
map results more accurately to broader campus buildings 
and set proper coefficients for the weighted score. 
Additionally, though the authors did not have access to 
this data, the number of years since last renovation could 
be added to the score to more accurately reflect which 

 

buildings have the greatest potential for carbon 
reductions.  

Additionally, HVAC upgrades are an effective energy 
conservation measure, and recent research suggests that 
building services’ contributions to life-cycle carbon 
emissions is underestimated [32], [15], so future studies 
should include mechanical systems in their scope.  
Subsequent assessment studies could also utilize a 
submetering system per end use rather than fuel type to 
estimate existing energy consumption more accurately. 

 Finally, the insulation-heavy retrofits explored in this 
study work well for retaining heat but may pose a 
challenge for passive survivability in warming climates 
[33]. Subsequent research should investigate natural 
ventilation and alternative envelope interventions to 
counteract summer overheating. 
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ABSTRACT: When the Covid-19 pandemic forced the world to remain indoors and function remotely, the two cardinal 
points of home and work shaping the way we flow within our cities became subjacent.  As the world opens once more 
and the traditional “work-home” axis becomes footloose with minimized needs to commute to work, the principal 
factors considered in city design can be revised. This paper aims to envision our cities with redefined driving forces in 
the post pandemic era that focus on factors such as mental and physical wellbeing, livability, social inclusion, and 
adaptability. The approach to develop and present these proposals is premised in three different cultural and climatic 
urban environments – Brussels, Muscat, and Sao Paolo. By setting a framework of priorities for city planning that 
prioritizes factors like healthy population-density, proximity, urban green, social-equality and fossil-fuel free 
transport solutions, our city models could offer regenerative solutions including to achieve cities of resilience that 
respond better to the current crises and alleviate our living standards. 
KEYWORDS: post-pandemic, resilience, liveability, social inclusion 
 

 
1. INTRODUCTION  

Since the dawn of our first cities, the course of our 
settlements has been dictated by mankind’s most 
major advancements from agriculture to 
industrialization, from motorization to digitalization. 
Today, while digitalization has long reformed how we 
live, perceive and function within our day-to-day lives, 
recent months of the Covid-19 pandemic along with the 
ever-building climate crisis has brought us to the cusp 
of yet another urban revolution. When the pandemic 
forced the world to remain indoors and function 
remotely, the world in turn found a new rhythm, one 
that could most likely redefine the way our cities are 
molded. For decades the two cardinal poles of home 
and work have dictated the way we live and flow within 
our cities. This spatial relationship embedded in the 
daily patterns of our lives have helped create and carry 
communities [1]. Today, even as we start to open our 
world up once more and begin to develop a “new” 
normal, does our newfound option to work from within 
our homes allow us to re-envision our cities with 
mental and physical wellbeing as driving forces? With 
fewer people commuting to work daily, could our 
margin for livability be redefined to cater to green 
pocket spaces for physical wellbeing along with large 
green spaces such as community gardens to encourage 
physical interactions that allow inter-group distancing? 
Perhaps it is time we question the fundamental aspects 
of our living habits. What other driving forces could 
emerge and overtake the traditional “work-home” axis 

that we have followed for so many years? Could this 
pandemic be harnessed to rethink our living patterns in 
a way such that our carbon footprints are reduced? The 
following mind-map summarizes the structure and 
intention of the paper. 

 
Figure 1: Strategical approach towards happy cities of the 
post-pandemic-era 
 
2. READING OUR CITIES – METROPOLIS OR SUBURB? 

Cities once emerged as a central metropolis with 
congregations of amenities and communities close 
together to minimize traveling longer distances for 
necessities. Here flourished diversities of economies 
and cultures from a critical threshold of population and 
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capital. Despite everything the city presents, it remains 
true that the motor of most cities is the factor of 
employment, thus influencing where people live, eat 
and build. Yet, a large proportion of our cities today 
suffer from urban sprawl and inefficient planning – 
resulting in long commute hours and experiencing none 
of the pleasantries that urban life has to offer.  Most 
city plans today fail to cater to the densities of 
population and infrastructure in them. This has resulted 
in residences being pushed to the periphery of cities, 
leading to increased dependency on private 
automobiles while negatively impacting green reserves, 
forests and arable lands [2]. Furthermore, our norms of 
car-borne planning have outlined several deep-rooted 
social and economic inequalities in cities, thus 
becoming the centre for unsustainable practices. 
However, confronted with the restrictions and 
lockdowns of the pandemic, our cities were presented 
with an open-ended question – or rather an epiphany 
of open-ended possibilities. What happens when this 
key factor of “going to work” is taken out of the 
equation? How much of our city spaces could then be 
dedicated to other factors that have re-emerged to be 
crucial for our well-being that include open green 
spaces for recreation, allotments to grow food within 
the cities for better food security, and spaces for 
temporary health centres in the event of a national 
emergency. [3]. 

 
3. COVID 19: THE FALL OF URBANITY 

It is undeniable that the emergence of the pandemic 
has exposed vulnerability of our cities, having had a 
massive impact on thousands of industries. As cities 
became the epicenter of Covid-19, the pandemic has 
not only exposed major ambiguities in the health center 
but has also shed light on socio-economic issues, 
governance policy shortcomings and transportation and 
urban design related catastrophes. Several cities have 
been faced with food crises resultant from an increased 
reliance on supermarket and hypermarket-bought 
products whose long supply chains were disrupted due 
to global lockdowns. In addition to that, lockdowns and 
movement restrictions resulted in hundreds of 
buildings being left unattended and unoccupied for 
months on end. There has been a plethora of articles 
describing a mass migration out of big cities directly in 
response to Covid-19 [4]. While this might be 
debatable, it is definite that the pandemic has not only 
brought forth several changes in the urban scenario but 
has also forever altered the way we live and interact 
within our cities. Most importantly, it has brought to 
the fore the necessity of acquiring better knowledge of 
not only the underlying patterns and dynamics of 
pandemics, but especially their effects on cities and the 

necessary preparation, response and adaptation 
measures needed [5].  

 
4. THE POST-PANDEMIC ERA: REALIGNING OUR CITIES 

Despite many cities already looking to minimize 
their carbon footprints due to climate adversities, the 
pandemic brought about a boost towards achieving 
sustainability in cities by forcing planners to think of 
alternatives to the conventional parameters of 
planning. Some of these changes have already become 
apparent as soon as the pandemic struck. For example 
– increase in use of bicycle as encouraged by the city 
during the pandemic not only led to numerous health 
benefits but also helped people maintain better and 
healthier social contact with one another while 
adhering to health protocols. The impact of bicycles on 
ecological mobility became more apparent in cities like 
Berlin in Germany, where setting up of two temporary 
bike lanes gained popularity quickly, further leading to 
long term policies being discussed on the subject [6]. 
Other large cities like New York, Beijing and 
Copenhagen saw further increase in bicycle usage as 
more and more people who were no longer obligated 
to commute longer distances to their work destinations 
and urban residents re-discovered the joy of riding a 
bicycle or walking by foot to basic services within 
proximity [2]. For planners and policymakers, there is a 
need for radical rethinking along with innovative 
measures to ensure that we plan cities that continue to 
function even during a pandemic. Susan Parnell in her 
paper “The Enabling Conditions of Post-pandemic city 
growth” suggested the necessity of “pandemic proofing 
cities”, a concept in line with urban climate-proofing or 
localizing the United Nations Sustainable Development 
Goals [7]. She emphasized the need for major 
adjustments in the rationale, management, functioning, 
and power dynamics of the governments of cities to 
enable this. While a government cannot define an 
urban strategy alone, it is impossible to achieve 
resilient cities without a well-informed, effective 
government implementing the right vision with 
credibility and capacity at a local scale. Despite the 
admission of numerous flaws within our city planning, 
the pandemic has created an opening to shift towards a 
future-oriented reconfiguration of city networks, 
sidewalks, public transport systems, health and safety 
regulations, and social safety nets could now be 
envisioned as a post-pandemic city. 
 
5. THE CASE STUDY CITIES – BRUSSELS, MUSCAT AND 
SAO PAULO 

This paper re-envisions our cities with redefined 
driving forces. Through a literature review of journals, 
newspaper articles, and books, the following section 

 

 

premised on three cities of differing cultural, climatic, 
and economic urban environments presents a general 
image of the pandemic’s impact on cities worldwide. 
This data is then translated into ascertainable problems 
common to one or more of the three case study cities. 
The succeeding section then presents definite solutions 
to counter the problems identified in the literature 
review. 
 
5.1 Brussels 

The capital region of Belgium, Brussels is a highly 
populated city with a population density of 7501 
inhabitants/ km2. There has been a historical lack of 
long-term spatial planning all over the country, 
resulting in a large spread of the population residing 
outside the city centers in large suburbs of sorts [8]. As 
in the case of several other large cities in the world, the 
Covid-19 pandemic pushed most workplaces to adapt 
teleworking operations, leading to a large portion of 
the community spending more time indoors. 
Subsequently, this resulted in people flocking towards 
the limited number of urban green spaces scattered 
across the city more often as the only respite from the 
stringent lockdown measures. However, such 
conditions also brought to light unjust accessibility 
options to urban green between sociodemographic 
groups. There was a major difference in perception of 
the importance of urban green between those that had 
private gardens, those that had access to public green 
spaces within close proximity, and those that were 
deprived of such facilities due to living in cheaper, more 
crammed quarters with jobs in sectors that continued 
to require physical presence (services, care-giving, etc.) 
[9]. In general, vulnerable groups were deprived of 
green spaces whether public or private, and were 
disproportionately affected by the pandemic. However, 
the entirety of the city benefitted from the measures in 
the mobility domain enabling regional walks and bicycle 
rides by constructing more dedicated bike lanes in the 
capital and extension of pedestrian areas in the historic 
city center. This saw a 44% rise in bike use, positively 
impacting the mental and physical health of city 
dwellers [10]. 
 
5.2 Muscat 

The little port-city of Muscat, Oman was once 
characterized as a dense city with streetscapes oriented 
to the human scale, catering to the local climate. Today, 
Muscat has transformed to a linear city with old, poorly 
maintained dense city quarters on one end and sparsely 
located single-villa typology on the other end, leading 
to suburban situations and urban fringes stretching 
throughout the course of the city. There is a clear lack 
of mixed-use neighborhoods in the newer residential 

areas of the city, with the most dominant typology 
being the single villa housing. As a result of the density 
imbalance, the pandemic saw higher rates of infections 
in the closer, more crammed quarters at the start of the 
pandemic, while the more affluent parts of the city 
functioned with imminent normalcy. Due to the closure 
of public transportation systems and several 
supermarkets, social groups without private cars had 
limited accessibility to basic amenities and services. The 
city’s lack of infrastructure for soft mobility such as 
pedestrians and bicycles only worsened the situation. 
Moreover, the city imposed a closure of public parks, 
beaches, and playgrounds to avoid large gatherings and 
mitigate the virus, thus resulting in people being 
confined to their homes with no access to green spaces 
for recreation, physical exercises, or any other benefits. 
While residents with private gardens were able to get 
some fresh air, the lower income groups of the city 
were subjected to the most consequences. 
Furthermore, the suburban nature of housing topped 
off with the boundary walls around every plot 
throughout the city also restricted any social life or 
connection to the “outside world”, leading to a city that 
remained dormant for months. Further to this, the 
hypermarkets often saw an influx of buyers during 
opening hours due to lack of services within proximity 
to residential quarters, leading to further spreading of 
the virus. 
 
5.3 Sao Paulo 

As one of the most populous cities worldwide, the 
financial center of Brazil consisting of 44 million 
inhabitants experienced heavy reductions in the level of 
economic activity in response to the pandemic. This 
was highlighted by a reduction in the volume of vehicles 
circulating in the streets. As the pandemic revealed the 
impact of housing conditions, population density, the 
precariousness of sanitary and transport infrastructure, 
and the imminent lack of access to healthcare, the 
glaring social differences facilitated by the city’s 
planning became increasingly apparent. This led to the 
city’s government attempting to understand the 
production of urban spaces and their relationship with 
health and diseases, and the societies’ response to 
epidemics. It was soon derived that public health and 
urban planning had a strong positive correlation, 
particularly in the case of infectious diseases.  Special 
attention was also drawn to the relationship between 
rapid urbanization and ambient air pollution, as the 
city’s vehicular lockdowns showed noticeably cleaner 
air [11]. This eventually gave rise to discussions within 
the local government to adopt stricter legislation for 
the emission of pollutants, develop mechanisms to 
encourage adoption of cleaner processes by industries 
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and enforce sustainable, more compact neighborhoods 
and transportation systems by promoting fossil fuel-
free transport like walking and cycling.  

5.4 Relevant factors which have led to pandemic-
related deficits  

The table below summarizes the various issues which 
emerged during the pandemic, and their applicability to 
the three case studies. 
 
 

 
Table 1: Relevant factors which have led to pandemic-related deficits  
 
 Muscat Brussels Sao Paulo 
1. Imbalanced density throughout the urban fabric with very high 
concentrations in some regions and very low concentrations in others 

x  x 

2. Rapid spread of infections in high-density spaces. This was further 
worsened by unsanitary conditions, air pollution, unclean water, etc. 

 x x 

3. Centralized urban models with amenities concentrated far away from most 
residential spaces leading to social groups without private transport facilities 
being unable to obtain basic daily goods due to closure of public 
transportation systems. 

x x  

4. Unequal distribution of urban green spaces, leading to large portions of the 
population being deprived of any contact with nature during the pandemic. 

x x x 

5. Food shortages among more vulnerable low-income groups due to heavy 
reliance on imported goods and little to no local food production. 

  x 

6. Buildings left empty for months due to movement bans, lockdowns, 
remote working, and other measures, leading to economic implications in the 
real estate market. 

x x  

7. Heavy financial losses in gyms, hotels, restaurants, and other hospitality 
industries due to heavy reliance on indoor-based activities 

x x x 

8. Increase in mental health issues due to isolation and movement 
restrictions. No infrastructure to facilitate soft mobility 

x   

9. Mono functional neighborhoods leading to virtually no movement during 
the pandemic leading to increased risk of crimes since “no eyes on the 
street”. 

x  x 

10. High influx of people flocking to centralized parks, hypermarkets and 
other public facilities making them breeding grounds for the virus. 

x x x 

 
7. ADAPTATION STRATEGIES TO CULTURE, CLIMATE 
AND ECONOMY 

 

The following table sets forth a set of adaptation 
strategies coupled with their levels of prioritization (1 – 
Highest priority level, 2- Second priority level, 3 – Third 

priority level) to inspire a feasible approach towards 
city-planning and urban design following the various 
lessons learned from the pandemic. 

Table 2: Adaptation strategy  
 
Priority 
level 

Strategy Muscat Brussels Sao Paulo 

1 
Planning for a healthy population density. Revisiting extreme high- 
and low-density areas of the city and enforcing a feasible built area 
to open space ratio 

x  x 

1 Decentralization of public facilities, services, and amenities to ensure 
accessibility for all sociodemographic groups 

x x x 

1 Decentralization of healthcare facilities to reduce response time and 
save operational costs 

x x x 

2 Balanced juxtaposition of home and services not only to reduce car 
mobility but also contain epidemic spreading by limiting mass 

x x x 

 

 

gatherings at facility sites as well as public transports to reach facility 
sites 

1 Address social inequalities by ensuring accessibility to public green 
spaces, and local small-scale parks for all socio-demographic groups  

x x x 

1 Introduction/Expansion of bicycle lanes and pedestrian lanes to 
encourage shift towards soft mobility 

x x x 

2 

Facilitate pedestrian movement by introducing appropriate 
infrastructure including shading elements to protect from sun and 
rain, porous ground surfaces to minimize urban heat islands in hot 
arid climate and absorb rainwater in tropical climate, etc. 

x  x 

3 
Shift from universalization of cities to a more tailored approach 
incorporating heritage, culture, and social context into 
infrastructural planning 

x x x 

2 Inserting (small) neighborhood centers with basic services into the 
monofunctional residential areas 

x  x 

2 Health placed at the center of decision-making for urban life, urban 
planning, and public space design 

 x x 

3 
Less focus on malls/indoor entertainment culture and development 
of open-air alternatives while adhering to the climatic and social 
context 

x   

1 
Encourage mixed-use building typology laid out to create positive, 
multi-purpose urban spaces along with proximity to essential 
services 

x x  

1 Facilitate local markets selling fresh produce to minimize 
dependence on supermarket goods and long supply chains 

x  x 

1 
Emphasis on designing buildings that can be adapted for various 
functions – ensuring that the building remains active through 
different users and functions throughout the day 

x x x 

7. TOWARDS A NEW WORK-LIFE BALANCE 
As the world opens once more, the traditional 

“work-home” axis has become significantly footloose 
with more and more companies realizing the benefits of 
working from home and thus reducing the physical 
presence required at workplaces. This in turn has 
minimized the need for a large proportion of the urban 
population to commute regularly to work, offering 
planners with the opportunity to envision our living 
patterns in new light. For starters, a post-pandemic city 
planned for reduced dependency on cars could not only 
improve overall health standards but also have positive 
financial implications. Urban dwellers would benefit 
from comparatively reduced costs when using 
alternative, more sustainable modes of transport like 
bicycles, public transport or simply walking. A rise in 
popularity of community based urban services and 
appreciation of soft mobility would be key to 
revolutionizing the way we see and experience cities.  
With minimized need to commute to work, more 
emphasis could be placed on investing in proximity-
based needs. One such example would be the case of 
micro-markets created by Timmermans [12] to help 
relieve overcrowding in local supermarkets and ensure 

local accessibility to basic services within proximity. 
When exploring proximity-based cities, the 15-minute 
city concept coined by Carlos Moreno in 2016 could be 
investigated especially as a parameter to create happy 
cities of the post-pandemic era [2]. Moreover, novel 
digital innovations such as bike-sharing technologies 
could now be prioritized during the planning process, 
further improving livability of cities. With better 
proximity of basic needs, services and the option of 
more home offices, the post pandemic city would focus 
on renewed participation of citizen and residents alike, 
transforming the social landscapes of our cities. An 
actual implementation of such a vison would require 
the reinterpretation of existing infrastructures – for 
example some car-oriented infrastructure could now be 
returned solely to cyclists and pedestrians. More bus 
lanes and public transportation options would also have 
to be introduced, thus reducing solo travel especially in 
cities lacking public transportation opportunities like 
Muscat. Our existing cities today concentrate primarily 
on accessibility to opportunities rather than 
accessibility to basic services and amenities. This in turn 
is associated with job opportunities, which interestingly 
strongly relates to automobile usage. However, a city 
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focused on proximity-based services and amenities 
would propose more inclusive building typologies such 
as mixed use housing models, promoting not only 
compactness but also drawing local traffic to improve 
revenue flow and job opportunities while also 
capitalizing on unique qualities such as a city’s heritage, 
culture, art and education. 
 
8. CONCLUSION: RECOMMENDATIONS FOR THE POST-
PANDEMIC CITY 

As planners, experts, decision makers and city 
dwellers, it is necessary to learn from all that the recent 
worldwide disasters have taught us; not only regarding 
the pandemic and the need for healthier cities, but also 
the impending climate crisis resulting in bush fires, 
locust swarms, floods, and hurricanes. Although many 
cities have already begun to steer the wheel towards 
more sustainable solutions, most cities are yet to 
develop a feasible, phase-oriented solution that can be 
realistically implemented. However, it would be more 
feasible to begin with simple approaches, like to 
optimally ensure cities have sufficient land reserved for 
recreational areas such as playgrounds, walking and 
bicycle lanes while achieving essential sustainability 
components such as proximity, diversity, density and 
ubiquity. Furthermore, learning from the upsurge of 
fossil-fuel powered vehicles in cities following 
reduction/closure of public transport systems during 
the pandemic, the post-pandemic city would have to 
emphasize on and encourage the use of renewable 
energy powered mobiles. This would have to be 
facilitated on an industrial level as well as the 
government level. Moreover, abandoned buildings of 
residential, commercial, and other typologies could 
now be seen in new light as potential adaptive reuse 
projects with more flexible floor plans that can cater to 
multiple uses as demanded by the city – such as 
temporary vaccination centers, exhibition spaces, 
healthcare buildings, residences (e.g.: for refugees), etc. 
The pandemic has also shone new light upon the 
concept of globalization and the vulnerabilities that 
nations have faced due to heavy reliance on imported 
goods, foods and medical equipment among other 
things. [13] Thus, the post pandemic city would 
refashion and encourage local supply chains and 
integrate several small-scale industries to encourage 
local production, positively influencing the local 
economy and the city standards in general. Overall, 
existing knowledge shows that the COVID-19 crisis 
entails an excellent opportunity for planners and policy 
makers to take transformative actions towards creating 
city models that offer regenerative solutions including 
green pockets, shorter distances, and far more adaptive 
structures to achieve cities of resilience that respond 

better to the current crises and alleviate our living 
standards. 
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ABSTRACT: This study reviewed the effect of applying the criteria in Korea’s Green Standard for Energy and 
Environmental green remodeling certification evaluation to a daycare center building remodeling. The standard 
presents items that need green remodeling improvement by dividing them into five areas. Selecting items in the 
remodeling planning stage is convenient because the assigned importance is dependent on the analysis results 
of the improvement of each item on the environmental impacts. In addition, because the level of performance 
improvement can be intuited from the overall score, whether the remodeling target level has been achieved can 
be determined. Simultaneously, the economic feasibility can be reviewed, confirming the usefulness of the tool.  
 
 

1. INTRODUCTION  
As of 2020, there were 7.2 million buildings in 

Korea. Among them, 2.8 million buildings were older 
than 30 years, accounting for more than 1/3 of the 
total number of buildings. Because these old 
buildings are designed according to insulation design 
standards, they are significantly inferior in energy 
performance, including insulation, compared to 
buildings that comply with recent standards. Korea's 
building insulation regulations were first introduced 
in 1979. At that time, the insulation standard for 
exterior walls was to install 50 mm of glass wool or 
polystyrene foam. Since then, this regulation has 
been subdivided according to building type and part, 
as well as region, and the regulations have been 
continuously improved. As of 2018, the current 
standard specified 225 mm of insulation on the 
exterior walls of apartment houses in Seoul and 155 
mm on the exterior walls of general buildings. 
Notably, the energy performance of old buildings is 
three to four times worse than that of recent 
buildings. Therefore, improving the energy 
performance of buildings through remodeling is 
urgent and needed. The Korean government recently 
developed and implemented policies to promote 
green remodeling, such as offering financial support 
to improve the energy performance of old buildings. 
However, the effects have been marginal due to the 
low response from building owners.  

On the other hand, green remodeling 
certification, which evaluates the eco-friendliness of 
remodeled buildings, was recently incorporated into 
the government’s green building certification system. 
However, it is hard to find buildings that have been 
certified. Therefore, this thesis evaluates the 

usefulness of the certification system through a case 
study of green remodeling using Korea's green 
remodeling certification evaluation and seeks to 
suggest policy improvements for green remodeling.  
 
2. GREEN REMODELING CERTIFICATION BASED ON 
G-SEED 

The Green Standard for Energy and Environmental 
Design (G-SEED) is a system that was developed and 
is currently operated as Korea's eco-friendly building 
certification standard under the Green Building 
Support Act [1]. This system was introduced in 2002 
for apartment houses. Following several revisions, 
the types of buildings subject to certification have 
been expanded, and the evaluation criteria have been 
supplemented. G-SEED was initially applied to new 
buildings, and a section for existing buildings was 
added in 2011. In the 2016 revision, a green 
remodeling section was also added. G-SEED classifies 
buildings by usage type and utilizes different 
evaluation items and standards according to the use 
characteristics. In addition, the evaluation criteria for 
green remodeling are separately regulated (Table 1). 
G-SEED evaluates eight specialized fields: land use, 
energy, environmental pollution, materials and 
resources, management related to water circulation, 
maintenance, ecological environment, and indoor 
environment. However, in the evaluation of green 
remodeling, land use and ecological environment 
items are excluded. A score of 75 points or more is an 
"excellent" grade, a score of 65 points or more is a 
"very good" grade, a score of 55 points or more is a 
"good" grade, and a score of 45 points or more is a 
"fair" grade; the total score is 100 points. 
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Table 1: Areas and items for green remodeling certification 
evaluation.  

area certification items points 

1. land use not applicable certification items 0 

2. energy and 
environmental 
pollution 

energy performance 
improvement 50 

energy monitoring and 
maintenance support device 10 

3. materials and 
resources 

use of environmental product 
declaration (EPD) products 10 

4. management related 
to water circulation use of water-saving devices 10 

5. maintenance 

retention of information related 
to green remodeling 5 

management of green 
remodeling construction 5 

6. ecological 
environment not applicable certification items 0 

7. indoor environment indoor comfort improvement 10 

total points 100 

Note : items in shaded fields are required 
 
3. A CASE STUDY: REMODELING OF A DAYCARE 
CENTER 
 
3.1 Investigation and measurement of the current 
state of the building  

The target building is a daycare center in Jinju, a 
childcare facility for children under seven years old, 
located in the southern part of South Korea. The 
weather condition in Jinju was annual temperature of 
13.8 oC, the highest temperature of 33.0 oC, the 
lowest temperature of -5.5 oC., sunshine duration of 
6.24 hr/day, annual precipitation of 1,736 mm in 
2016. The two-story reinforced concrete building was 
built in 1984, which has a site area of 356 m2 and a 
total floor area of 304.74 m2 (Fig. 1, Fig. 2). 

 

 
Figure 1: First-floor plan of the daycare center. 
 

 

 
Figure 2: Front elevation of the daycare center. 

 
Before remodeling design, the structure of the 

building, the interior and exterior conditions, building 
facilities, and the indoor environment were surveyed 
[2]. The survey was conducted for one month, 
beginning from September 2017. First, the building 
users were asked about their satisfaction with the 
residential environment through a survey. Notably, 
the primary users of the building are children. 
However, they were too young to question directly; 
thus, the nursery teachers participated in the survey 
instead. Most complaints were on cold drafts during 
winter as well as external noise. Moreover, there 
were many complaints that indoor lighting was not 
bright. Finish deterioration and the condition of the 
windows were investigated through a visual 
inspection and using a glass thickness gauge, 
respectively. The wall thermal transmittance value, 
airtight performance, thermal bridge, indoor air 
quality, indoor environment, and indoor illuminance 
were measured using a special measuring device (Fig. 
3 and Fig. 4).  

 

 
Figure 3: Detection of thermal bridges using a thermal 
imaging camera. 

 

 
Figure 4: Locations of airtight performance and indoor 
environment (PMV) measurement. 

 

The thermal transmittance of the wall and glass 
window were found to be 1.977 W/m²·K and 3.1 
W/m²·K, respectively. Korea's current standards for 
thermal transmittance of walls and glass windows are 
0.320 W/m²·K and 1.8 W/m²·K, respectively. 
Therefore, significant performance improvement is 
necessary. The airtight performance determined 
using the pressurization method and a blower door at 
50 Pa was 5.86 times/h and significantly exceeds 
Korea's current requirement in the energy evaluation 
program of 1.5 times/h, accounting for the 
complaints about cold drafts. In the case building, 
most of the cold drafts occurred at the entrance. 
Therefore, performance improvement is required. 
The predicted mean vote (PMV) and indoor air quality 
met current standards. An electric heat pump (EHP) 
was available in each room for heating and cooling, 
and an oil boiler supplies hot water; both have been 
in use for more than 10 years. A ventilation fan was 
present in the cooking room for ventilation. 

After the on-site survey, the energy performance 
of the building was evaluated via a simulation 
program based on the building drawings and actual 
measurements. The ECO2 program—used for 
evaluating building energy performance, developed 
by the Korea Institute of Construction Technology 
(KICT) for application in Korean contexts, and based 
on ISO 13790–was used to quantitatively measure the 
improvement in energy performance after 
remodeling. The energy performance simulation 
results showed that the annual demanded and 
consumed energy were 173.8 kWh/m2 and 208.9 
kWh/m2, respectively. When converted to primary 
energy, it was 281.6 kWh/m2 (Table 2). This level of 
energy performance corresponds to intermediate 
performance when evaluated based on Korea's 
energy efficiency rating.  

 
Table 2: Simulation results for the energy performance of 
the daycare center (unit: kWh/m2.yr). 
 

division heating cooling water 
heating lighting sum 

energy demanded 102.4 23.6 24.9 22.8 173.8 

energy consumed 145.6 7.6 33.0 22.8 208.9 

primary energy 
consumed 161.5 20.8 36.5 62.8 281.6 

Note: items in shaded fields are required. 
 
3.2 Establishment of the remodeling plan 

Before establishing the remodeling plan, the 
fundamental problems and improvement methods 
identified from the on-site survey and measurement 
were conducted and summarized as shown in Table 
3. Due to the aged exterior finishing materials of the 
building, there was a risk of water leakage in some 

areas due to microcracks. In addition, there was a risk 
of heat loss and condensation because of the low 
insulation performance of the outer wall. As an 
improvement method, finishing the exterior wall and 
roof with external insulation materials was first 
considered. The drafts (air infiltrations) reportedly 
occurred at the door entrance. Therefore, replacing it 
with a door for excellent airtight performance is 
necessary. The insulation and airtight performance of 
the windows also need improvement. Replacing the 
existing fluorescent lamp with a high-performance 
LED lamp for the poor indoor lighting problem was 
considered. In addition, it is necessary to accurately 
set the target level, thereby improving the energy 
performance and indoor environment of the building 
by remodeling. In this case study, the target level was 
set to “excellent” in the G-SEED green remodeling 
certification, which facilitates an objective judgment 
of the overall remodeling performance. In addition, 
this facilitates quantitative predictions during the 
review process. 

 
Table 3: Review proposal for items that need improvement 
at the daycare center and suggested improvement 
methods. 
 

items current state improvement plan 

building 
structure and 

insulation 

damage on the exterior 
finish, water leakage, 

and condensation 

exterior insulation 
and window 
replacement 

(cold) drafts low airtightness 
replacement of 

entrance door and 
windows 

noise outside noise 
replacement of 

entrance door and 
windows 

illuminance indoor low light replacement with 
LED light 

grades for 
green 

remodeling 

a grade that does not 
meet the standard excellent grade 

 
3.3 Selection of items for improvement and 
establishment of target levels 

To obtain an excellent grade in the green 
remodeling certification, the total score of the 
certification evaluation items in Table 1 must be 75 or 
higher. Identifying other items to be corrected and 
setting the target level for each item should be 
realized before this goal can be achieved, in addition 
to the improvement items reviewed in Table 3. 
Moreover, it is essential to analyze the cost 
effectiveness of the process. In this study, we sought 
to find the optimal improvement plan through 
quantitative analysis after selecting the items that 
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need improvement based on the evaluation items for 
green remodeling in Table 1. 

Among the evaluation items shown in Table 1, 
“energy performance improvement” had the highest 
points (50), which accounted for half of the total 
score. In the evaluation criteria, the score is based on 
the predicted energy-saving rate of the building. A 
saving rate of over 35% is 50 points, 30–35% is 40 
points, 25–30% is 30 points, and 20–25% is 20 points. 
Because this is a required item, a saving rate of 20% 
or more must be achieved. The energy-saving rate is 
calculated as follows.  

 

 
 
This study set a goal to achieve an energy-saving 

rate of at least 30% in the initial stage. However, 
while reviewing the plan, the target was revised to 
achieve the maximum 50 points by achieving a 
reduction rate of 35% or more. The review results 
revealed that obtaining a score of 26 or higher with 
the other evaluation items mentioned below is 
difficult due to problems associated with the building, 
such as the condition and cost. In other words, the 
goal was revised to obtain a total score of 75 points, 
which are required to receive an excellent grade in 
Green Remodeling: the ultimate goal of this project. 

Ten points are assigned to “energy monitoring 
and maintenance support device,” which requires 
installing a building energy measurement system 
(BEMS) to manage the building energy. Even though 
the corresponding device was not installed in the 
target building, the small-scale building requires an 
expensive system, which is costly to operate. 
According to the evaluation criteria, a minimum of 4 
points and a maximum of 10 points are applied, 
depending on the level of the installed BEMS. 
Therefore, we aimed to obtain four points by 
applying the lowest-level BEMS. 

The “use of environmental product declaration 
(EPD) products” item was placed last in the order of 
application because the cost of replacing existing 
materials with new ones is high. For “use of water-
saving devices,” points are obtained according to how 
many of the five types of water-saving devices are 
used. This study was designed to obtain 6 out of 10 
points by only installing water-saving faucets, 
showerheads, and toilets. In addition, a “waterless 
urinal” item can be used to earn more points. 
However, the cost burden should also be considered. 
Among the two evaluation items related to 
maintenance, “retention of information related to 
green remodeling” provides owners, managers, and 
users with the following five types of information 
related to green remodeling for building. Points are 

obtained depending on how many types of 
information are utilized. 

 
 

① construction details 
② instructions for operation manual and 

administrator 
③  maintenance and repair guidelines and inspection 

intervals 
④  contact information related to remodeling for 

companies and persons in charge 
⑤  other information related to maintenance 

All the above information was considered in this 
study to obtain five points. The second item related 
to maintenance, “management of green remodeling 
construction,” pertains to minimizing the 
deformation in the existing structure through a 
systematic remodeling construction plan and 
ensuring that the building is quickly available for use. 
Eight types of documents, including process plan, 
facility and pollution prevention management plan, 
construction site noise and dust prevention plan, and 
construction site waste treatment plan, are used, and 
points are allocated according to the number 
corresponding to this information. This study utilized 
more than six types of information, obtaining a total 
of five points. 
Table 4: Predicted outcomes for green remodeling 
certification evaluation. 

area certification items points predicted 
scores 

1. land use not applicable 
certification items - - 

2. energy and 
environmental 
pollution 

improvement in 
energy performance 50 50 

energy monitoring 
and maintenance 

support device 
10 4 

3. materials and 
resources 

use of environmental 
product declaration 

(EPD) 
10 0 

4. management 
related to water 
circulation 

use of water-saving 
devices 10 6 

5. maintenance 

retention of 
information related 
to green remodeling 

5 5 

management of 
green remodeling 

construction 
5 5 

6. ecological 
environment 

not applicable 
certification items - - 

7. indoor 
environment 

indoor comfort 
improvement 10 6 

 

total points 100 76 

Table 5: Items that need improvement and the effect of the improvement (a draft for the improvement). 

item improvement saving rate 
(%) 

cost 
(KRW) 

cost vs. improvement 
(KRW/kWh) ranking 

insulation 
exterior wall insulation PF board 50 mm 

(0.020 W/m2K) 
20.0 33,099,800 793,760 1 

window 
Low-E pair-glass window 

(4.19→2.1 W/m2K) 
2.2 13,507,052 2,936,316 4 

light LED light (8.3→5.56 W/m2) 1.9 3,880,800 970,200 2 

door windshield replacement 1.2 2,607,395 1,133,650 3 

ventilation 
door and window replacement 

(5.86→1.46 times/h) 
4.2 - - - 

sum 31.0 53,095,047 820,634  

 
 
Lastly, in the “indoor comfort improvement” 

category, points are given depending on how many of 
the four environmental factors—indoor thermal 
environment, light environment, air quality, and 
sound environment—have been improved and what 
percentage of the building area was improved. This 
study aimed to obtain eight points by improving the 
thermal environment by improving the insulation 
performance, light environment by replacing existing 
lights with LED lights, and sound environment by 
replacing windows and doors with high-performance 
products. As for air quality improvement, the existing 
conditions were good. Therefore, an expensive air 
cleaning system for further improvement was 
omitted due to the significant economic burden. In 

addition, during the subsequent review, it was 
concluded that the windows could not be replaced 
with high-performance products due to limitations in 
the construction budget. Therefore, the sound 
environment was excluded from the improvement 
target. The target score was lowered to six points by 
only improving two category types. 
 

Table 4 shows the results of the green remodeling 
certification evaluation predicted by reflecting the 
reviewed improvement items and target level. 
Therefore, it will be possible to achieve an excellent 
grade, which is the goal of the project, by obtaining 
76 points.  

 
 
Table 6: Items that need improvement and the improvement effect (an alternative improvement approach). 

item improvement saving rate 
(%) 

cost 
(KRW) 

cost vs. improvement 
(KRW/kWh) ranking 

insulation 1 
exterior wall insulation PF board 50 mm 

(0.020 W/m2K) 
20.0 33,099,800 793,760 2 

insulation 2 roof exterior insulation rigid spray form 
22mm (0.021 W/m2K) 11.6 3,900,000 160,494 1 

light LED light (8.3→5.56 W/m2) 1.9 3,880,800 970,200 3 

door windshield replacement 1.2 2,607,395 1,133,650 4 

ventilation 
door and window replacement 

(5.86→4.1 times/h) 
1.7 - - - 

sum 35.1 43,487,995 592,479  
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3.4 Analysis of energy-saving rate 

Among the certification evaluation items for green 
remodeling, energy performance improvement 
accounts for half the total score. Therefore, in this 
study, this item was the most intensively analyzed. 
The ECO2 program was repeatedly applied to find a 
cost-effective optimal insulation performance. The 
optimal combination achieved the overall target level 
by changing the performance values for various 
factors affecting the energy performance of the 
building, such as wall and roof insulation, windows 
and doors, lighting, and boilers. Among them, boiler 
performance improvement was excluded during the 
initial review process considering cost-effectiveness. 

Table 5 shows the initially planned improvement 
items, energy consumption improvement effect 
(saving rate), and cost of each item. The saving rate is 
the ratio of the reduced energy consumption to the 
annual energy consumption of 208.9 kWh/m2 of the 
existing building for each item. Therefore, because 
the saving rate (31.0%) in the sum is the total saving 
rate obtained when all techniques are combined, its 
value differs from that (29.5%) obtained by the sum 
of each item. Improving the five items in Table 5 
resulted in the energy performance improving by 31% 
and 40 points being obtained from the “improvement 
of energy performance” item in Table 4. Because 26 
points were obtained as the sum of items other than 
energy performance in Table 4, a new strategy for 
obtaining additional points should be reviewed to 
obtain 75 points. As mentioned above, it is difficult to 
obtain an additional score of nine or more by 
improving items other than “energy improvement” 
due to the state of the building; therefore, we 
decided to obtain additional points by improving the 
energy performance. To obtain more points for the 
same cost, a method of achieving a total saving rate 
of 35% or more, which involves modifying roof 
insulation instead of replacing windows and is the 
lowest cost-effective improvement in Table 5, was 
first reviewed. Table 6 shows the review results when 
applying these alternatives. 

Therefore, changing “replacement with high-
performance windows” greatly improved the 
insulation performance. The saving rate can be 
improved by 35.1% by reducing the annual energy 
consumption to 135.5 kWh/m2. However, the airtight 
performance was lower than the draft improvement 
because the window was not replaced. However, the 
effect of roof insulation offsets this. As shown in 
Table 4, the total score was 76 points when 
alternative improvements were applied. Therefore,  
an “excellent” grade has been achieved in the green 
remodeling certification. Interestingly, the cost of 
construction decreased despite the increase in 
performance. Therefore, we confirmed that 

alternatives with excellent energy performance and 
economic feasibility could be selected by utilizing the 
certification criteria of green remodeling when 
planning remodeling construction. 
 
4. CONCLUSION 

When establishing a green remodeling plan, it is 
important to reasonably set the target level for 
energy and environmental performance 
improvement. A tool for selecting the items that need 
optimal improvement and analyzing their effects is 
convenient. The green remodeling certification 
evaluation criteria included in Korea's G-SEED suggest 
items that need improvement for green remodeling 
in five areas. Therefore, it can be used for this 
purpose because importance is based on the analysis 
results from the impact of each item on the 
environment. In this study, we applied this standard 
to an eco-friendly remodeling project of an old 
building used as a daycare center and examined the 
corresponding effect. Selecting items in the 
remodeling planning stage using the list of evaluation 
items of the certification evaluation criteria was 
convenient. Because the level of performance 
improvement can be intuited from the overall score, 
it was easy to determine whether the remodeling 
target level was achieved. In addition, the economic 
feasibility could be simultaneously examined, serving 
as a valuable tool. 

The central and local governments should 
promote the green remodeling certification pilot 
project and improve the performance of buildings 
using quantitative data for remodeling. In addition, a 
system that officially recognizes the value of a 
building that has received green remodeling 
certification would attract a lot of attention from 
building owners, managers, and users. Further, 
incentives, such as tax benefits to buildings that have 
received the certification, are necessary. 
 
REFERENCES  
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Pre- and post-COVID-19 synergies between research and 
practice in health and the built environment 
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ABSTRACT: Residents of the United States, even in pre-pandemic times, spent upwards of 92% of their time indoors on 
average.1 The onset of the pandemic increased this time, leading to mental and physical health concerns related to one's 
built environment settings. This study examines how research and practice in health and the built environment (HBE) in 
design firms were impacted by COVID-19. It helps us understand how the pandemic impacted and potentially 
transformed the nature of health research in architectural practice. The first phase of this study was conducted in 2019, 
pre-COVID-19. The first six months of the pandemic itself, however, resulted in an increase in HBE research and activity 
as indicated by architecture firm websites. We, therefore, decided to conduct a post-COVID-19 second phase of the same 
study in 2021, to discover new synergies between HBE research and practice. In both phases, we conduct a systematic 
content analysis of 58 international design firms’ websites and publications related to HBE. A mapping exercise then 
categorizes these studies into different design and research typologies and goals. Finally, it analyses the research 
methods and findings presented in these sources and discusses their implications for HBE-related design, professional 
practice, and future research studies. 
KEYWORDS: COVID-19, health and wellbeing, built environment, synergies in research and practice, design 
industry 
 

1. INTRODUCTION  
The frequency of pandemics from diseases such 

as SARS, MERS, Ebola, influenza, and now COVID-
19, are a rapidly growing concern. The likelihood for 
surges in pandemics stems from increased global 
travel, urbanization, changes in land use, and 
exploitation of the natural environment. If 
preventative measures are not enacted with better 
global preparedness, pandemics will cause 
irreversible damage to livelihoods and economies 
[1]. Past pandemics have influenced the designs of 
the built environment to minimize the risk of 
spreading infectious diseases. For example, spatial 
interventions are necessary to minimize infection 
risk via social and physical distancing and 
accommodate the increasing use of technology for 
online, remote working, and distance learning. Risk 
mitigation strategies such as improved ventilation 
strategies are widely being used to ensure safety 
indoors. Post COVID-19 built environment design 
will likely prioritize physical health and mental 
health, social connectedness, sustainability, and 
accessibility on a larger scale. 

Although human-centered design as an area of 
design inquiry has existed for a long time [2], in 
recent years, design firms’ approach to solutions 
and work processes in their publications, websites, 
whitepapers, and advertisements became more 
frequently described as being human-centric or 
evidence-based. Design practitioners now 
increasingly use evidence-based design 
recommendations suggested by researchers to 
study and create spaces that have healthy 

outcomes for people as indicated by the work of 
the AIA-ACSA Design and Health Consortium, a 
multi-disciplinary network to translate design and 
health research into practice for professionals, 
policy makers, and the public [3].  

Evidence‐based design is meant to develop 
prescriptive knowledge and solutions that serve to 
improve health outcomes and design practice. It 
involves decision-making, and design-making 
grounded in research and tested in practice [4]. The 
outcomes of these processes are ideally revealed in 
built projects, but these methodologies and 
processes often remain invisible due to a lack of 
proper documentation and dissemination to a wider 
audience. A systematic, analysis, therefore, is 
necessary to study and create an awareness of 
research and design processes conducted by firms 
invested in the field of heath and the built 
environment (HBE). As part of this study, we looked 
for pre- and post-COVID-19 methodologies and 
work processes as well as mentions of broader (i.e., 
not exclusively COVID-19-focused) human‐centered 
designs or evidence-based solutions that emerged 
from post-pandemic increased research activity by a 
sample of design firms across the globe [5]. 
Professional practice trends in design and health 
revealed by this study demonstrate the influence, 
outcomes, and limitations brought about by the 
COVID-19 pandemic. They, however, also reveal the 
amount and type of HBE-related research and 
design activity in response to the emergency. 
1.1 The COVID-19 pandemic and its impact on HBE 
research and practice  

 

Residents of the United States, even in pre-
pandemic times, spent upwards of 92% of their 
time indoors on average [5]. The onset of the 
pandemic has only increased this time for most, 
which in turn has led to mental and physical health 
concerns closely related to one’s immediate built 
environment settings. In the beginning of the 
COVID-19 pandemic in late 2019 and early 2020, 
design professionals were challenged with 
understanding the science of Sars-Cov-2 
transmission in built environments very quickly, 
with limited resources and research to draw from 
on the subject. Their primary goal became to 
mitigate risk and create safe, healthy environments 
for building occupants. As lockdowns occurred, 
many employees shifted to working remotely. 
Architecture firms began to re-evaluate the ways in 
which they communicate, work, and the ways in 
which different spaces are used and occupied. 
Virtual communication methods, business websites, 
and updates on social media sites became top 
priorities. Preliminary data reviewed from a small 
sample of architecture firms post-COVID-19, 
exhibited an increase in website updates on these 
issues within the first six months of the pandemic 
(December 2019 – May 2020) compared to updates 
and activity, pre-pandemic. Many of these 
communications were about HBE initiatives and 
projects with an increased interest in human-
centered and evidence-based design processes, 
which typically include decision-making grounded in 
research and tested in practice [4]. Healthcare 
design also received more attention during the 
COVID-19 pandemic since these spaces became 
crowded and overwhelmed. Discussions around 
temporary as well as permanent healthcare or 
health-related design solutions became more 
common.  
 
1.2 Goals of this study  

This study examines the ways in which research 
and practice in HBE in design firms, have been 
impacted by COVID-19. Specifically, it evaluates this 
impact by delving into and comparing how 
practitioners conducted and disseminated research 
and design outcomes in the HBE field, pre- and 
post-COVID-19. This study, therefore, is useful not 
only in understanding the impact of the pandemic 
on the field, but also the potentially 
transformational impact of health-related research 
in architectural practice. 

As part of this study, we connect design and 
health-focused practitioners to the identification of 
any HBE research and design methods that they 
may have used. The goal is to reveal the influence, 
outcomes, and limitations of these research and 
work processes. The study also compares the 

documentation of actual built projects (for e.g., 
images of completed projects) versus the 
documentation of their research and design 
processes. We hypothesize that several 
methodologies and mechanisms in HBE processes 
or practices are invisible to educators and 
researchers in academia or other fields and 
organizations, and industry colleagues. Research 
knowledge that is presumably developed for 
problem-solving and practice becomes limited in its 
influence in the HBE field if it is not documented 
and disseminated effectively.  

An initial review of design firms’ websites and 
publications in HBE pre-and post-COVID-19 led to 
the following key questions: What communication 
outlets or venues do design firms use to 
disseminate their research and design work in HBE 
to a wider audience, and how do they use them? 
What types of research and design processes 
related to health and the built environment did 
practitioners use or develop pre- and post-
pandemic? Were there any actual healthy or safe 
built environment outcomes during this period? 
What are the different research focus areas in the 
HBE field?  
 
3. METHODOLOGY  

The first phase of this study was conducted in 
2019, pre-COVID-19, with no intention of another 
follow-up phase. We published the results of this 
first phase in 2020 [6]. The first six months of the 
pandemic itself, however, resulted in an increase in 
HBE research and activity as indicated by the same 
sample of architecture firm websites. We, 
therefore, decided to conduct a post-COVID-19 
second phase of the same study in 2021, to discover 
any new synergies between HBE research and 
practice at that time.  

In both the pre-and post-COVID-19 phases, we 
analyzed the same sample of 58 architectural 
design firms. The selection of firms was not limited 
to any one country. The only inclusion criteria for 
selecting these firms were for them to have some 
form of research or design dissemination related to 
the HBE field. 

Our research methodology consists of a 
systematic content analysis and mapping exercise 
of peer-reviewed publications, conference 
proceedings, white papers, and websites created 
and maintained by professional design firms 
invested in the HBE field. These sources of 
information were scanned for scientific research 
and evidence-based outcomes in design and health. 
This data was collected and then analyzed for pre- 
and post-COVID-19 impacts. With the use of an 
online tagging program, we collected metadata 
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annotations from this content from August 2019 
through May 2021.  

Finally, this study analyses the findings 
presented from these sources and discusses the 
potential for increasing the dissemination of future 
HBE-related design and research work. 
 
4. RESULTS  

We published the results of the pre-COVID-19 
phase of this study in the year 2020 [6] and they 
will, therefore, not be presented in much detail 
here. In this section, we primarily present the post-
COVID-19 phase results, and we compare both 
phases in this section as well as the discussion 
section that follows (section #5).  

A preliminary analysis using the controlled 
tagging tool as part of the content analysis post-
COVID-19 was done first, to check if the 58 design 
firms collected as part of the sample had at least 
one piece of evidence of an HBE-related research or 
design project. The results showed three main 
tendencies in how design firms feature their 
expertise in HBE: 1) their architecture and interior 
design portfolio, 2) expertise of their employees in 
HBE research fields, and 3) descriptions of HBE 
research and its connection to any outcomes in the 
form of actual built projects.  

104 statements within their websites and 
publications of these design firms showed several 
different ways in which they advertised their 
architecture practice. Most often, they described 
built environment solutions with images in their 
portfolio or highlighted specific HBE interventions in 
existing and new projects. From the 58 design firms’ 
websites and publications, the content analysis 
found that ten firms used three types of 
statements, 24 used two types, and the rest (24) 
used one type of statement to mention that HBE-
related approaches primarily defined their 
architecture practice. To conceal the identity of 
these firms, we are not providing any specific 
examples of their statements here. Other 
statements in their websites or publications 
advertised their awareness of the problems related 
to HBE (only some of which was COVID-19 specific) 
primarily by citing expertise of the senior partners 
or their staff, or by promoting their role in projects. 
Fewer statements referred to other external 
sources or partnerships with research organizations 
or universities or others that increased their team 
expertise for an HBE-related project.  

A frequency analysis was then applied to all the 
statements collected in multiple tagging sessions, to 
check if any of them could somehow assist in the 
grouping of firms sharing similar approaches to 
advertise their HBE-related practice or research 
processes. The Pearson correlation in Table 1 shows 

no significant association between problem 
awareness and proposed solutions by design firms. 
An association between firms that offer HBE 
solutions to sources of research (peer-reviewed, 
white papers, etc.), also appears to be insignificant. 
Similarly, a correlation between HBE-related 
problem awareness and any research sources also 
appears to be insignificant. 
 
Table 1:  
Pearson Correlations of HBE-related themes within the 
post-COVID-19 content analysis. Source: Authors, 2021. 

Pearson Correlation  Interpretation  

Problem awareness & 
Proposed solution  

-0.26  nullable correlation  

Proposed solution 
& Sources  

0.00  nullable correlation  

Problem 
awareness & 
Sources  

-0.01  nullable correlation  

 
As expected, the content analysis results 

showed significant differences in pre-and post- 
COVID-19 HBE-related research and design activity 
in the second phase of this study. Figure 1 shows a 
comparison between the frequency of use of 
different communication outlets pre- and post-
COVID-19. We see a marked increase in the amount 
of HBE-related research discussions in websites, 
news releases, conference presentations, other 
venues, and internal practice processes and 
procedures related to HBE projects. The only 
decrease was in the number of actual built projects 
as result of these processes, but this could be 
because many of these projects are still in progress 
(under design or construction). 

 
Figure 1: Frequency of use of the outlets of 
communication pre- and post-COVID-19 across 58 firms. 
Source: Authors, 2021. 

 
 
Our content analysis also found many research 

topics and themes related to healthcare spaces, 
educational spaces, remote work, employee 
wellbeing, and COVID-19 mitigation. Their 
distribution is shown in Figure 2. Firms that 
mentioned designing healthy environments as one 

 

of their primary focus areas appeared to have other 
areas of expertise which also aligned with human-
centric and evidence-based approaches to design. 
While the comparison of pre-and post-COVID-19 
results indicate a sharp increase in HBE-related 
activity, design firms missed opportunities to 
effectively disseminate their work in scholarly 
venues such as journal articles, conference 
presentations, or proceedings on a larger scale. 

The HBE-related projects showcased in design 
portfolios post-COVID-19 were more diverse than 
before. Many projects (29%) were new healthcare 
projects or expansions, retrofits, or upgrades to 
existing health care facilities, while new or 
upgraded non-healthcare buildings were fewer, at 
11%. Another 18% or projects were HBE-related 
upgrades (which included risk-mitigation measures 
and safety) to education spaces. 26% of projects 
consisted of pre- or post-COVID-19 mitigation 
efforts in existing buildings where their specific type 
was not mentioned. 11% of HBE-related efforts 
were concerned with remote working which 
included upgrades to existing technologies, 
working-from-home guidelines, designing 
temporary or permanent remote co-working 
spaces, or research related to health aspects of 
remote working.  A relatively small amount of 
research discussions (5%) were about employee 
wellbeing which included design and non-design-
related questions (such as exercise, adequate 
nutrition, outdoor activity, down-time, etc.).  
 
Figure 2: Frequency analysis of HBE-related research 
topics post-COVID-19. Source: Authors, 2021. 

 
 

8% of all the design firms studied post-COVID-
19 proposed new design standards for workplaces 
and the creation of unconventional workspaces like 
pavilions, private pods, and outdoor work or dining 
areas with flexible or permanent partitions. 6% 
planned to send or sent contributions to incubators 
for creating collaborative opportunities and 
partnerships to carry out experimental projects. 6% 

of the firms were working on the conversion of 
spaces into emergency care, triage and testing 
facilities, or indoor or outdoor vaccination sites. 
Figure 3 shows the distribution of different topics 
covered by the design firms in conferences, 
presentations, live sessions in social media, and 
blogs post-COVID-19. It shows the extent of 
discussion on the impacts of COVID-19 on 
businesses and projects (19%), reflections on the 
future of design post-COVID-19 (16%), analyses, 
best practices, and lessons learned in the design 
and construction of the building envelope and 
indoor air quality (12% each), and contributions to 
technology and innovation (10%). 38% of HBE-
related updates and communications intended for 
clients and employees on firms’ websites included 
the mention of recommended cleaning and 
sanitation practices, 31% included health and safety 
guidelines and updates for protecting their 
employees, and another 31% included statements 
on how they would create safer environments for 
visitors and clients. We assume that these 
statements and updates, however, kept changing 
considerably along with new discoveries and 
changing scientific information related to COVID-19. 
The data for these results was collected in early 
2021 and may therefore, not correctly represent all 
the current information on these firms’ websites.  

 
Figure 3: Topics addressed by design firms in conferences, 
presentations, and blogs post-COVID-19. Source: Authors 
2021. 

 
 

5. DISCUSSION 
This study reveals the impact of the COVID-19 

on HBE-related research and practice on design 
firms by studying their online presence and content. 
Although, it is limited in scope and scale, it 
highlights useful findings and trends for 
professional practice as well as future research. 
Mining online content from websites and other 
sources was optimal for this study since these 
venues became crucial sources of information once 



ARCHITECTURE FO
R HEALTH AN

D W
ELL-BEIN

G

ARCHITECTURE FO
R HEALTH AN

D W
ELL-BEIN

G

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

746 747

 

businesses shifted to telework and were thereafter, 
forced to rethink how they presented updates and 
work-related information. The amount of new HBE-
related website activity which we found post-
COVID-19 as compared to pre-COVID-19, proved 
this to be true. We also found increase in the 
showcasing of specialized methods or approaches 
to HBE projects, degrees of expertise, knowledge, 
talent, and successful projects or collaborations in 
the field, by design firms.  

 This study also found the content analysis 
method described earlier, to be useful and efficient 
for finding synergies between HBE research and 
practice. The pandemic crisis, in this regard, 
presented an opportunity to study how design firms 
invested in HBE showcased their project work, their 
research, how their decision-making was impacted 
by the ever-changing nature of the pandemic. We 
also found that the topics of discussion and HBE-
related initiatives and processes, closely aligned 
with much of the COVID-19-related information 
published in scientific and mainstream media at 
that time.  

The pandemic may have had some negative 
impact on businesses and operations of design 
firms, however, from this study, we know that the 
emergency pushed the design and building 
construction sector to re-organize and reconsider 
their priorities. These included not only creating 
healthy spaces for post-COVID-19 risk mitigation 
and re-entry, but also keeping their employees safe. 
Uncertainty about the pandemic and remote work 
may have also led to financial gains (e.g., saving on 
energy costs for keeping workplaces operational) 
and health benefits for employees (such as 
reduction in commuting stress, spending more time 
with families, etc.). These issues although related to 
HBE research and practice, are outside the scope of 
this study.   

We found that discussions on how to prevent 
future pandemics went beyond sanitization and 
maintenance measures, to issues such as 
permanent increases in fresh air supply and 
improving indoor air quality. Further, we found 
content on how public spaces could be designed to 
be healthier with physical and social distancing, 
providing outdoor spaces, and so on. In this regard, 
professionals in the HBE field appeared to be forced 
to rethink and evaluate their existing design 
approaches.  

A considerable number of discussions also 
focused on healthcare spaces, which were largely 
impacted by the pandemic. Firms which specialized 
in healthcare design were challenged to provide 
quick and effective short-term solutions, however, 
we found that they also invested in longer-term 
design thinking and research. Different building 

typologies in healthcare such as outdoor and indoor 
vaccination sites, mobile and temporary care units, 
and makeshift hospitals were designed and built.  

The most popular communication outlets used 
by HBE design firms were updates and posts on 
their own websites. The curation of the topics 
helped one understand their priorities, ongoing 
work processes, their specializations in technology, 
research expertise, and other related information. 
The increase in website and other online venues 
also demonstrates an increase in the need for 
electronic communication as employees, clients, 
and other stakeholders in building projects shifted 
to remote work.  

 
6. CONCLUSION 

Pre- and post-pandemic trends and findings in 
HBE indicate that design practitioners explore 
different ways to showcase their research and 
design work along with continuing transformations 
in the field. Practitioners and firms increasingly 
refer to scientific literature in HBE, and provide 
access to their solutions, contributions, sources, 
and outcomes.  

Design firms, however, may require an increase 
in the scope of their project deliverables to find 
more synergies in   HBE   research and practice, 
which is difficult due to limitations in cost, time, and 
required expertise. To counter these limitations, 
there is a need to break down and simplify research 
processes, form partnerships with other 
researchers in the field, and market them better as 
a valuable part of design projects. Importantly, HBE 
processes and methodologies must be documented 
and shared effectively among the larger research 
community to create better synergies in the field. 

Design firms, just like other organizations, 
adapted quickly, and underwent changes in their 
approaches and processes in HBE from 2019-2021 
(and this trend continues as the pandemic wears 
on). Global epidemics and pandemics may become 
more frequent, and in response design firms in the 
HBE field will continue finding new ways to 
function, optimize their processes, and increase 
their efficiency. While these firms may have unique 
areas of expertise and human-centric and evidence-
based approaches to design and research, they may 
be missing opportunities to disseminate this 
knowledge by not documenting their work in 
scholarly journal articles, white papers, conference 
presentations, proceedings, or other suitable 
venues on a larger scale. These trends, however, 
may change with the increase in specialization and 
the areas of expertise of different professionals 
directly or indirectly connected to the design 
industry, and interdisciplinary work. HBE must not 
be considered a specialized field of practice and 

 

become a common denominator in all design 
projects instead. This will also help create healthier 
built environments, reduce disease transmission, 
and better prepare our society for the next 
pandemic.  

 
7. LIMITATIONS OF THIS STUDY 

This study is limited in scope and scale. We 
highly recommend a larger, follow-up study which 
includes surveys and interviews of design practice 
leaders, employees at different levels, clients, and 
other stakeholders. With the ever-changing nature 
of COVID-19, more comprehensive, follow-up 
studies may also discover more types of effective 
HBE research and design methodologies and 
synergies between them. 
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One size does not fit all 
Questions and insights to develop new occupant-centered well-being 

and comfort models 
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ABSTRACT: Current comfort models, within the current standards, cover the needs of the general population, 
based on a neutral acceptance under static conditions. People seek comfort, and inside a building, this goal 
drives certain responses or actions (adjusting thermostats, opening windows, turning off lights, etc.) to satisfy 
their personal needs in a given space and time. Needs and actions are dynamic and vary for each individual, and 
as a result of this and other reasons, office buildings regulated under optimal comfort criteria, do not fully satisfy 
the occupants’ needs. This article is part of a project that seeks to contribute towards developing a new comfort 
and well-being model to provide flexibility and adaptability for the environmental conditions of shared office 
spaces, considering occupant-centered stimuli and dynamic requirements. This section focuses on developing a 
perception survey, whose sole focus is not just environmental comfort, but rather includes health and well-being 
criteria that arise from a revision of well-being certifications in buildings, like WELL and Fitwel, and from an 
interdisciplinary scientific review. The survey shows that it is not enough to just seek satisfaction, as other 
questions that delve deeper into the criteria show the incoherence of the same user or discrepancies between 
users of the same space. 
KEYWORDS: Survey, Well-being, Comfort Models, Open Plan Offices, Post-occupancy Evaluation Energy, Comfort 
 
 

1. INTRODUCTION  
Office design has prioritized the use of single 

shared spaces by groups of workers since 1930, 
when artificial lighting and HVAC systems appeared 
which, although they allowed extending design 
layouts, led to the centralization of comfort [1]. 
Nowadays, we continue using this open plan layout 
in offices, where different people cohabit under 
almost the same generalized environmental 
conditions, even though the requirements, 
characteristics and/or preferences vary among 
people. Hence, the need for an architectural design 
that provides flexibility is needed, but do the 
comfort models that regulate buildings contain 
these characteristics in their criteria? 

Current comfort models, under the current 
standards, cover the needs of the general 
population, based on a neutral acceptance of static 
conditions (80% satisfied in the case of the 
Predictive Mean Vote-PMV, and a temperature 
range that considers the satisfaction of only healthy 
adults in the case of ASHRAE). People seek comfort, 
and inside a building, this goal drives given 
responses or actions (adjusting the thermostat, 
opening the window, turning off the lights, etc.) to 
satisfy their personal needs in a given space and 
time (“right here, right now”). The needs and 
actions are dynamic and variable for each person, 
and because of this and other reasons, office 
buildings regulated and set up by standards that are 

governed under optimal comfort criteria, do not 
manage to satisfy the comfort requirements of their 
occupants [2-4]. 

Office occupants seek immediate comfort, 
without considering the positive and/or negative 
long-term impacts this may have on their health 
and well-being. For example, recent research has 
determined the benefits daylight has and how light 
intensity can affect our circadian cycle, affecting our 
physical, physiological and/or psychological state 
for better or for worse [5, 6]. Poor sleep quality can 
accentuate depression, high blood pressure, and 
other biological and functional alterations [7]. And 
it is precisely in office buildings with extensively 
shared surfaces where these light differences are 
seen, meaning that some workers are more 
affected regarding the reception of natural light, 
making artificial lighting necessary, and thus 
bringing a higher likelihood of harm for their health, 
despite having reached the light comfort needed to 
perform their tasks. 

This article is part of a research project that 
seeks to contribute to the development of a new 
comfort and well-being model, which provides 
flexibility and adaptability of the environmental 
conditions of shared office spaces, considering 
occupant-centered dynamic requirements and 
stimuli. In particular, this publication goes further 
into the goal of developing a perception survey, 
whose focus is not just on environmental comfort, 

 

but rather that includes health and well-being 
criteria, which arise from a revision of well-being 
certifications for buildings, such as WELL and Fitwel, 
and from an interdisciplinary scientific review. 

 
2. MATERIALS AND METHODS 

2.1 Survey development and testing 
Currently, most of the surveys applied to get to 

know occupant perception focus on IEQ criteria, 
with some general satisfaction considerations, but 
they contain an evaluation that is not holistic 
enough, i.e., one that includes other health and 
well-being indicators. The WELL Building Standard® 
certification system, which appeared in 2014 and 
which proposes an innovative approach focused on 
strategies of the well-being of the user, considers 
surveys with a more comprehensive vision to be 
applied one year after the certification. However, 
these are must be paid, and in the 10 approved 
surveys [8], there are discrepancies in the 
approaches and priorities, without even presenting 
the same criteria. 

Therefore, the goal is to develop a survey that 
shows the differences in perception regarding 
comfort, health, well-being, and productivity, 
among people in shared and private offices, 
considering criteria that do not only fall within 
thermal, light, acoustic, and air quality objectives 
but rather that represent a comprehensive nature 
and that analyze the estimation of relationships 
between variables, revealing the factors that cause 
said differences between occupants. It is also 
important that the tool can be applied in air-
conditioned buildings under the current standards, 
and without exclusive considerations of energy 
efficiency and/or with “green certification”. 
 
2.1.1 Definition of the content 

To define the area and parameters the survey 
covers, a state-of-the-art review was made 
regarding three aspects: scientific articles on 
comfort, well-being, or health in the built 
environment surveys; surveys validated and applied 
for certification systems; and, studies that 
determine which strategies in office buildings cause 
dissatisfaction for people, whether in the physical, 
mental and/or social sphere. 

Four main areas have been identified (Table 1), 
which coincide with the content of other surveys [9-
12], but unlike these, its definitions and perceptions 
have a more holistic nature in a social and economic 
context that is pertinent to the South American 
reality, and it does not just consider “tangible” 
aspects of the building’s design, but ones that are 
empirically related with the well-being of the 
occupants in office buildings with varied occupation 
types. 

 
Table 1:  
Definition of the survey content 
 

Domain  Item Sub Item 

Oc
cu

pa
nt

 
Pr

of
ile

   Age, Gender, Type of Work, Type of Shift, Time 
in the Office, Density of People, Seniority 
Control options of Indoor Environmental 

Conditions. 

Co
m

fo
rt

 a
t W

or
k 

 

Thermal 
Comfort 

Thermal satisfaction when it is 
hot/cold outside 

 Description of the temperature when it 
is hot/cold outside 

 Factors that affect thermal 
satisfaction 

 When the temperature becomes a 
problem 

 Acoustic 
Comfort 

Satisfaction with the noise level 
 Factors that affect acoustic satisfaction 
 
Lighting 

Satisfaction with the lighting 
 Factors that affect lighting satisfaction 
 Daylight 
 Indoor Air 
Quality 

IAQ Satisfaction 
 Factors that affect IAQ satisfaction 
 

Workspace 

Privacy, safety, cleanliness, external 
window, layout, interior design 

 Factors that affect satisfaction with 
the workspace 

 

Ergonomics 

Satisfaction with the comfort of the 
furniture 

 Factors that affect satisfaction with 
the comfort of the furniture 

 Services and 
Design in 
the Building 

General design, Resting Space, 
Socialization, Safety, Cleanliness, 
Connectivity, Public Transportation, 
Interior Design 

He
al

th
 a

nd
 W

el
lb

ei
ng

 

 

Health 

Perception of physical and mental 
health, and physical activity 

 Frequency in which SBS symptoms, 
mental health, and sleep disorders, 
are felt. 

 Options to improve physical activity 
 Support for 
personal 
well-being 

The balance between personal life 
and work, optimism, being close to 
people, feeling comfortable 

 Nature Type of view 
 Connection with nature 
 Nutrition Drinking water 

  Healthy food 

Pr
od

uc
tiv

ity
  

Personal 
productivity 

Influence of environmental conditions 
when it is hot/cold outside 

 Possibility for development 
 Reasons that affect productivity 
 Absenteeism  Reasons 

 
One of the hypotheses that allowed defining the 

criteria that would be included in each domain, was 
that the people who manifest having control about 
changing the environmental conditions or use 
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offices that are not shared, tend to feel more 
satisfied in terms of “comfort in the workplace”. 

When asking about the personal control of the 
physical environment which office occupants may 
or may not have, it is key to connect other positive 
or negative manifestations of personal satisfaction 
with the work environment and to start some 
inquiries and conjectures about implications on 
health and well-being. [13, 14] indicate that 
personal control is considered as an important 
reason for people to “forgive” certain weaknesses 
or poor building performance, and according to [15], 
people who live in naturally ventilated buildings 
have the same ability. But this control can be key in 
affecting the way others feel. Authors such as [16] 
state that personal decisions to adjust the 
temperature in an office, directly affect the comfort 
of other occupants, who may not share the same 
preferences. On the contrary, here it is suggested 
that those who have limited or no control of the 
indoor environment, or who share offices, tend to 
manifest a lower satisfaction in terms of comfort. 
The premise that gender differences lead to 
differences in satisfaction levels of the physical 
setting, and the interaction with air-conditioning 
systems [17, 18], is also included. 

Regarding the domains of health, well-being, 
and productivity, here it is suggested that the 
greatest impact on a better or worse result depends 
on the occupation of the space, that is to say, 
whether many people share the office, they have 
no option to personalize the space, the furniture 
cannot be adjusted, nature is not seen through the 
window, and/or the food options are deficient and 
not very healthy. 

 
2.1.2 Survey development  

Each area has different items and related sub-
items that are rated in two ways: multiple-choice, 
and on a 7-level Likert scale. In addition, a general 
question is added at the end to obtain additional 
comments about their workplace or the building in 
general. Although the 7-point scale was kept 
throughout the survey, the options on the extremes 
vary depending on the question. For example, in the 
case of satisfaction, the scale varies from “generally 
unsatisfied” to “generally satisfied”, while, in 
individual health perception questions, this ranges 
from “very bad” to “very good”. The proposed tool 
does not just ask generally about satisfaction and 
personal perceptions, but rather each item has 
questions that allow knowing why there is more or 
less satisfaction, why there is a better or worse 
perceived health, what causes absenteeism, etc. It 
is for this reason, that questions such as “Which of 
these factors affect your thermal satisfaction in 
your workspace when it is cold outside?” were used. 

For these answers, the state-of-the-art of the 
influential factors for low comfort, poor health, or 
low well-being was revised, both from the 
bibliography and from domestic studies that detect 
shortcomings in buildings that determine a lower 
satisfaction, health issues, absenteeism, among 
others. 

Once the survey was made, the key questions 
and those not previously validated were chosen to 
be subjected to an expert review. 10 experts from 
different countries (Costa Rica, Denmark, Spain, 
Argentina, the USA, Belgium, and Chile) took part, 
to address a broader spectrum of socio-cultural 
realities, despite all of them having lived in Chile for 
at least 6 months. Starting from this review, 
adjustments were made to the survey, which 
included eliminating some answer options and 
some questions altogether. Another relevant 
change was differentiating between hot and cold 
seasons with regards to the comfort questions, and 
the logical order of some answers. 

Once the survey was adjusted, a pilot test was 
run in a real work context, in an office building with 
different workspace typologies. 

 
2.1 Implementation of the pilot test 

In Chile, each region has 18 Ministerial 
Secretariats, which are normally found in separate 
buildings with little built surface considering the 
number of officials these hold. It is for this reason 
that the Housing and Urbanism building (Fig. 1, 2) 
was chosen, located in the city of Concepción 
(36°46’S latitude and 73°03’W longitude). According 
to the Köppen classification, Concepción has a Csb2 
climate, where temperatures are normally below 
the acceptable comfort range. Therefore, heating 
demands predominate almost all year round. 

Because of Covid-19, when the survey was 
applied the occupants were not all present, which is 
why they were surveyed electronically through their 
bosses, hence the higher success in the 
participation [19]. The survey was applied to 75 
people, receiving 53 responses. 
 
Figure 1:  
Office building chosen as a case study 
 

 
 
Figure 2:  
One of the offices where the survey was applied 

 

 

 
 
The goal was to validate the application and 

coherence of the survey designed in this research, 
as it must allow knowing the personal perception 
regarding comfort, health, well-being, and 
productivity of the people in their workspaces, as 
well as the reasons behind these perceptions, 
whether these come from the building design, their 
surroundings, the use of strategies, and personal 
control, among others. 

This allowed suitably defining the main lines of 
evaluation for the surveys, to get to know the 
relationships between areas and to understand the 
influence and dependence between the variables 
asked about. 

 
3. RESULTS 

Most of the people surveyed spent between 76 
and 100% of their shift sat at their work station, in 
shared open-plan offices without partitions, where 
90% are less than 2.5m from a window, this despite 
only 40% stating they have enough daylight to not 
use artificial lighting. 45% state they can open or 
close curtains and/or blinds and almost half of them 
have the option to flip switches to light the entire 
office, affecting the environmental conditions of 
others. Despite the relationship between 
alterations of the circadian rhythm and the use of 
artificial light, 85% indicate that sleeping problems 
range from moderate to none. 

Almost 50% of the people say they are satisfied 
with the temperature in summer, and 60% in winter. 
Despite this, they state that the HVAC system does 
not respond quickly enough, which leads to 1/3 of 
the answers indicating that temperature is a 
common issue in the mornings (< 11 am). 60% are 
not satisfied with the acoustic comfort and most 
attribute it to outside noise with windows open or 
closed, along with people talking nearby. 
Concerning IAQ, 74% are satisfied, which is why the 
fact that 30% consider that “the freshness varies 
during the day” may contribute to this perception. 

As for personal well-being, most stated that they 
felt supported, optimistic, close to others, but the 
trend falls when being asked about “whether they 

like the building”. Feeling down or sad is a symptom 
for at least 50%, while the same number did not 
feel happy even one day a week. In terms of health 
symptoms, headaches and dry eyes were the most 
common issues. The perception for “nourishment” 
tends to be poor, as most answered that healthy 
eating options are outside the building and are 
costly and that the institution does not provide a 
space for eating and/or preparing food. Almost 70% 
can see other buildings and parking lots from their 
window, and the same percentage felt it was very 
important to feel a connection with nature. 
Contradictions are seen regarding ergonomics: 68% 
are satisfied with the comfort of the furniture, but 
40% indicate that the chair is uncomfortable and 
that they cannot adjust their monitor. 

Regarding productivity, most state they often 
are productive, and that they can do their work 
correctly, although they say they are distracted by 
activity nearby and the lack of acoustic privacy. The 
reasons behind absenteeism are stress, illness, and 
care for family members. 

On differentiating by gender, few differences 
are seen regarding thermal, light, and acoustic 
satisfaction, unlike what has happened in other 
research [17, 18]. The same happens in the answers 
for furniture comfort and the taste of drinking 
water. Greater differences are seen with IAQ 
satisfaction, where females are neutral and satisfied, 
while males are either “satisfied” or “very satisfied” 
(Fig. 3). 

 
Figure 3:  
IAQ satisfaction, differentiated by gender 
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Although most of the people work in shared 

offices, on differentiating the type of place, not all 
the results seen are equal to the general trend. In 
the acoustic satisfaction aspect, for example, those 
who were very unsatisfied in shared offices almost 
triple when compared to people in private offices 
(Fig. 4). 
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Figure 4:  
Acoustic satisfaction differentiated by shared and private 
offices 
 

 
 

It was seen that some questions could not 
reveal the degree of control over environmental 
conditions or the options for this, the reason why 
this was adjusted and included explicitly in 
Dimension 1, where they describe their profile and 
the characteristics of the office. This to conclude, 
regarding the hypothesis that providing the user 
with the capacity to control the physical 
environment, where they can individually choose 
which indoor environmental parameter to adjust, 
will have a significant effect on their tolerance 
regarding comfort, meaning that this and the 
satisfaction increase, as has been previously stated 
[20, 21]. 

 
4. DISCUSSION OF FINDINGS 

The pilot survey was really useful to adjust the 
questions that must be made for the end goal of the 
whole study, which considers the survey as just 
another input. The aim is to complement these 
answers with the behavior people have upon giving 
them the option to adjust their personal thermal 
and lighting conditions in their workplace. It has 
been seen [15, 22] that people tend to answer 
surveys in one way, but their actions and/or habits 
do not always match the theoretical answers. Thus, 
in this way, the actions that the occupants perform 
could be compared with their written answers. 

The survey was designed to demonstrate that 
the preferences among people who share an office 
tend to be diverse, and thus require opportunities 
that allow personally adjusting their environmental, 
ergonomic, food conditions, etc. The opportunities 
to experiment and extend the temporary 
“excursions” outside the comfort zone, limited as 
acceptable, for example, allow an increase of 
comfort, as the occupant can acclimatize on feeling 
these dynamic temperatures as acceptable and/or 
pleasant [23].  

It is sought to reveal background information 
that shows that “population”-based thermal 
comfort models, both the PMV/PPD and Adaptive 
Comfort, predict a mean response for a group of 
people, but have a low prediction power at an 
individual level [24-26]. In addition, knowing the 
type of work, and the time at the desk allows having 
a context if there is movement during the day, 
whose short-term temperature fluctuations affect 
the thermal comfort of the occupants [27]. 

Contradictions seen in answers regarding 
ergonomic aspects, for example, show that the 
survey allows understanding certain reasons that 
affect people’s health (physical, in this case), and 
thus go further into changes that can be made to 
not just reach immediate comfort (here and now) 
that affects productivity, but that contribute in the 
mid and long term for their health and well-being. 

The questions do not just intend to know 
satisfaction in different office setups, but allow 
revealing facts that are not included in other 
surveys, which end with findings on general 
performance aspects, but not on actual causes. 

 
4. CONCLUSIONS 

This article outlines the need to develop and use 
occupant consultations tools that do not just cover 
IEQ criteria, but that consider health and well-being 
matters. Well-being levels in an office will depend 
on how harmonious the relationship is between 
“personal preferences”, “design performance” and 
“productivity”. As such, a tool was designed that 
does not just show the satisfaction in different 
aspects, but that reveals the positive and negative 
stimuli that are affecting the comfort, well-being, 
health, and productivity of people that share spaces 
designed for a standard person for better or for 
worse, without intra- and inter-individual 
considerations. 

People are rarely aware of how much they are 
affected in health terms on acting to benefit 
immediate comfort. The survey shows that it is not 
enough to know satisfaction levels, as the other 
questions are diverse in content about the built 
environment parameters that affect people, they 
show incoherence with the same user and uncover 
discrepancies among users that share the same 
space. 

On seeing the answers obtained, a future action 
was proposed of making specific interviews, to 
better understand some situations by focusing on 
the occupant, being able to include aspects related 
to medical and work history, among others, and 
thus, calibrating results to generate new comfort 
models that do consider people as different and not 
as an average. 
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Adapting the workplace to the new reality in Mexico City 
DANIEL IBARRA FLORES ¹  

 
¹ Grupo Girault, Mexico City, Mexico. 

 
ABSTRACT: In the context of the pandemic caused by SARS-COV 2 virus, the feasibility to achieve at least 4ACH in a 
workplace to diminish contagion risk was proven by passive means; despite of it, a hybrid ventilation system was 
proposed, integrating mechanical injection and passive ventilation, achieving at least 12ACH; in addition passive 
strategies were integrated such as exposed thermal mass enhancing night flush effectiveness and shading devices 
were proposed on the façade increasing thermal comfort from 60% to 99.7% eliminating the need for curtains to 
control glare and un wanted solar radiation, increasing the UDI factor from 58% to 68%. 
KEYWORDS: Natural Ventilation, Covid, Passive office, air pollution, comfort  

 
 
1. INTRODUCTION 
       To facilitate the safe return to activities due to the 
pandemic caused by the SARS-COV 2 virus, we have to 
reshaped the way we conceive our indoor 
environments, making imperative the adaptation of the 
workspace into the new reality; to avoid contagions, we 
must achieve adequate air quality. To guarantee the 
well-being and health of its occupants, health 
specialists warn that to decrease the risk of contagions 
or disease intensity, enclosed spaces must facilitate air 
renewal and comply with at least the 4 air changes per 
hour (4 ACH) established in the international standards 
for working environments. 
       As an ideal scenario, natural ventilation can be 
enabled in the working environments to accomplish the 
ACH desired. However, in Mexico City there are other 
factors that must be taken under consideration when 
aspiring to achieve ventilation by passive means, such 
as noise and poor air quality. Air pollution has been the 
main reason in the past decades to discourage building 
owners and tenants of going for natural ventilated 
spaces.  
     The present analysis begins from the assumption 
that well-implemented natural ventilation is healthier 
and more energy-efficient than the use of HAVC 
systems, which by renewing the air, the filters used are 
ineffective in containing the virus. Exploring the 
transformation of an enclosed office building in Mexico 
City, towards a healthy indoor environment that 
contemplates not only air renewal, but also the 
unwanted consequences that natural ventilation could 
cause in work spaces, such as excessive noise, pollution 
induction and thermal discomfort. 
 
2. AIR POLLUTION AND VENTILATION 

Despite Mexico City mild climate, air pollution has 
been the main reason for developers and building 

owners not to opt for natural ventilation to achieve 
comfort and air renovation in office buildings.  

However, data shows that air pollution has been 
dropping dramatically since the 90´s after the 
implementation of some environmental policies. The 
main pollutant that has triggered environmental 
contingencies for the past 20 years has been O3, 
suggesting that if natural ventilation wants to be 
implemented, O3 must be analysed further.  
 
Figure 1:  
Atmospheric Environmental Contingencies. 

 
Note: Environmental contingencies record in Mexico City, from 
1998 to 2016. [.4] 
 
        Ozone being the main air pollutant trigger of the 
atmospheric environmental contingencies in the city 
was explored further in other to create a natural 
ventilation schedule which procures safe air quality (O3 
below 55ppm) [1]. 
      Data from the past 10 years was gathered and the 
trend was analysed, as shown on figure 4 good air 
quality is considered between 0 and 55ppm, regular air 
quality from 55 to 110ppm and bad when levels of 
03exceed 110ppm; figure 6 represent the percentage of 

 

 

time (hours) that the air was classified under each 
category during the period studied (2009-2018). Data 
shows how good air quality its more likely for most of 
the time, “regular” and “bad” air its most likely to 
happen during the hot and dry season (February – May) 
decreasing after the rainy season begins. 
 
Figure 2:  
O3 PPB Concentration (2009 – 2018). 

 
Note: Monthly average percentage of Ozone concentration 
“ppb” air classification, Good (0-55ppb), Regular (55-110ppb) 
and Bad (110 or more) Sources: after [4]. 
 
       O3 distribution tends to be higher during daytime 
when solar radiation is present, and the air 
temperature increases. It is lower when relative 
humidity is higher, usually at night and during the rainy 
season. It reaches its maximum levels during the hot 
and dry season when cooling is most needed [4]. 
       However, after analysing the O3ppm hourly during 
the 10-year period (2009 to 2018) (Fig.3), data shows 
that when “regular” air quality happens its between 
11am and 8pm and “bad” air between 1pm and 4pm, 
although the probability for the air been classified as 
good during the same time is higher. This data could 
help to create an annual natural ventilation schedule 
for always good air (100%), disabling ventilation from 
11am to 8 pm (fig.3). Meaning that night ventilation is a 
suitable strategy for night flush as ventilation is enabled 
without compromising the interior air quality. 
 
Figure 3: 
O3 ppb hours spent on each range 

 
Note: Monthly average percentage of Ozone concentration 
“ppb” air classification, Good (0-55ppb), Regular (55-110ppb) 
and Bad (110 or more) Sources: after [4]. 

2.1 Ventilation Schedule 
O3 was explored further in other to create a natural 

ventilation schedule which procures clean and fresh air 
(O3 below 55ppm) [.1], to counteract the “polluted air” 
misperception which has encouraged mechanical 
ventilation and cooling.  

Data from the past 10 years was gathered and the 
trend was analysed in order to create an accurate 
schedule, the data was divided for each month and a 
table was created to guide natural ventilation (Table 1). 
The schedule for 90% or more chances for always 
“good” air ventilation is described as followed:  

• January – February, from: 19 to 12 
• March, from: 19 to 11 
• April – May: 20 to 10 
• June – December: 19 to 11 
Data shows how good air quality its more likely for 

most of the time, “regular” and “bad” air condition its 
most likely to happen during the hot and dry season 
(February – May) decreasing after the rainy season 
begins. Suggesting that it is possible to encourage 
natural ventilation, if the schedule is respected. 

 
Table 1: 
Good air quality probability Time Plot Table. 

 
Note: Ventilation schedule, using a colour scale to illustrate 
the probability of air complying the good air classification (O3 
0-55ppb). Sources: after [4]. 
 
         As a preliminary conclusion it is recommended to 
use the table as a guide for the time and period of the 
year for when its most likely to have regular or good air 
conditions before ventilating. The previous suggests 
that it is possible to encourage natural ventilation, if the 
schedule is respected. 
 
3. DESIGN APLICATION 

A thermodynamic model was created using Energy 
Plus and Open Studio with ladybug tools. Simulating the 
possible natural ventilation strategies that could be 
applied in the building to achieve the minimum desired 
air changes per hour (4 ach) to achieve a healthy 



ARCHITECTURE FO
R HEALTH AN

D W
ELL-BEIN

G

ARCHITECTURE FO
R HEALTH AN

D W
ELL-BEIN

G

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

756 757

 

 

environment; contemplating the pros and cons of each 
one of them, considering practical and economic 
feasibility. 

 
3.1 IDEAL SCENARIO 

 To achieve an integrated proposal, the effect of the 
ventilation implemented was evaluated on the thermal 
and acoustic comfort in in parallel, to stablish a goal for 
the design proposal an “ideal” work scenario was 
created (fig. 4) that would consider the following 
factors: 

• Acoustic 
o Avoid Street and highway noise 

• Thermal Comfort 
o Air Temperature 
o Radiant temperature 
o Operative Temperature comfort 

range (20-25 ° C) depending on the season of the year 
this range could be modified. 

• Air  
o Health: 4 or more ach 
o Speed: Not greater than 1.5m / s 
o Quality: Avoid air pollution (Ozone, 

PM10, PM2.5) 
• Daylight 

o Between 300 and 2000 lux  
• Materials 

• Thermal, acoustic, VOCs free  
 

Figure 4:  
Ideal scenario. 

Note: Representative section diagram of the ideal scenario 
within the studied office. Cross section project area. 
 
3.1 Base Case 

In order to measure the results of the different 
strategies to be analysed, the situation of the building 
was measured and simulated to stablish a base case.  

The office building is located at a crossroads, one of 
which is a highly transited highway; it has 7 floors with 
approximately 350m2. In terms of ventilation and 
energy use, it has an enclosed scenario with no natural 
ventilation of HAVC system; the main construction set 
consists in concrete slabs with gypsum panels as 
partitions, carpets and fixed double glancing windows 
with a window to floor ratio of 50%. 

In summary, the current scenario or base case, does 
not meet the basic conditions of indoor environment 

quality, only 0.1 ach were achieved, 39% of the time 
during working hours the comfort range (25 to 26 ° C) 
was exceeded, useful daylight (UDI) reaches 68% of the 
year with open shitters, given the incidence of direct 
solar radiation on the windows due to the building 
orientation, occupants tend to use the shitters during 
the morning, reducing UDI to 58%, decibels were 
measured during working hours testing the acoustics, 
an adequate range between 45 and 65 was measured 
this could be attributed to fixed double glass windows 
and absorbent materials such as carpet. 
 
Figure 5: 
Pre-intervention scenario or base case. 

 
Note: Representative diagram of the Base Case or pre-
intervention scenario of the office. Cross section project area. 
 
3.2. Natural Ventilation   

The first tested strategy in order of relevance was 
the natural ventilation, just by making some of the 
windows operable with openings equivalent to 8% of 
the façade gate, the desired objective of at least 4 ach 
was achieved, according to the simulations carried out, 
the previous outcome happens after adapting the 
windows on the façade intermittently a 40 cm high vent 
in the lower part of the window; if so, it would be 
achieved an average from 6.5 to 10.9 ach. This solution 
creates new problems, as shown in figure 3, after 
opening a vent towards the outside, air tightness is lost 
and acoustic levels arises, expecting a decibel increase 
caused by the noise from the road to at least 80 
decibels.  

Parallelly as the air inlet faces directly the highway 
and the street, an increase in pollutants result of 
combustion is expected, in conjunction with 
intermittent air speed greater than 1m/s which would 
cause the office papers to fly away. In contrast the 
average hours above the maximum comfort range 
would drop from 39% to 10% approximately; however, 
the undesired consequences of the previous proposal 
mean that the occupants would close the windows, 
nullifying the positive effect of air renewals and the 
increase in thermal comfort. 
 
 
 
 
 
 

 

 

Figure 6: 
Window opening natural ventilation scenario 

 
Note: Representative diagram of the desired (air renewal) and 
unwanted consequences (noise and air pollution) of the 
operable simple ventilation in the office. Cross section project 
area. 
 
3.3 Integral Facade 

After analyzing some of the parallel consequences 
of natural ventilation described above, an integral 
façade was developed to face these negative 
implications in parallel to achieve viability. The location 
of the vent was moved to the top of the window to 
reduce the wind speed on the work surface and take 
advantage of the thermal advantages of the “stake 
effect”. After this movement, an optimal shading study 
was carried out to take advantage of the opening of the 
ventilation as an element in the facade as a shading 
device, reducing solar radiation in the windows by 40% 
and 50% depending on the orientation and up to 70% 
less on the interior of the slab, as can be seen on figure 
7. 

 
Figure 7: 
Solar radiation analysis. 

 
Note: Solar radiation analysis on the facade and interior floor 
slab, before(above) and after(below) elements of optimal 
shading. 
 
     The effect of shading devices (louvers and lateral 
fins) on useful natural light was analyzed, finding that 
the interior shading devices or curtains could be 
dispensed after achieving an increase and even 
distribution of Useful Daylight Illuminance (UDI) of 
around 80% in all the working area, as shown on figure 
8. 
 
 
 

Figure 8: 
Multiple scenario UDI maps. 

 
Note: Comparative UDI annual percentage maps for the 
different working areas on the 6th floor. On the left the map 
of the base case, in the centre of the base case with closed 
curtains and on the right the proposed scenario after shading 
devices on the facade. 
 
     The horizontal louver, conceived as a shading 
element prior to the ventilation, also has an acoustic 
connotation, it is proposed that it extends 80 
centimeters long from the window and has an upward 
inclination of 30% this with the intention of acting also 
as an acoustic barrier, the benefit has been tested and 
measured in residential buildings in Hong Kong, 
documenting a reduction of up to 10 db. In addition, 
acoustic panels are recommended on the opening gap 
to absorb the incoming noise inside immediately after 
the air vent or inlet. (fig. 9) 
 
Figure 9: 
Proposed Façade. 

 
Note: Representative façade section showing the elements 
proposed for the integral façade. 
 
     Finally, in comparison to the previous scenario, the 
effect of the shading devices on thermal comfort in 
conjunction with the natural ventilation in the upper 
part was measured, resulting in a decrease on the 
overheating percentage of the interior space by 3 and 
8% depending on the space. The ach remained between 
6.5 and 10.9. 
 
3.4 Integral Design Proposal 
    The proposal consists of two possible scenarios, one 
that would work as passive and the other as active. The 
passive scenario contemplates the aforementioned, 
integrating an integral façade which addresses most of 
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the unwanted consequences of natural ventilation, 
however, by using the front of the building that faces 
the highway and the street as air inlet, there is still 
occasional entry of pollutants as the opening is fixed.  
The proposal intends to generate an interior 
environment with positive pressure, in order to convert 
the vents of the south, east and north façade into air 
extraction, inducing the west façade that is not exposed 
to the street or road as a point of air injection by active 
means using a mechanical injection system 
incorporating air filters. Thus, a better and more 
consistent air renovation and quality is expected inside 
the space; in combination with the replacement of floor 
materials such as carpet with marble will merge with 
the thermal mass of the building slab, enhancing the 
effect of night cooling, increasing the thermal comfort 
of the space. 
As for the operation of the air injection system, it is 
recommended to follow the ventilation schedule shown 
on table 1, activating the fan during the pollution picks, 
when outdoor air quality is classified as bad or regular, 
mostly between 1 and 4 pm. 
Figure 10 shows a comparative scheme of the two final 
proposed scenarios, in the passive scenario the 
parameters described in point 2.4 are reached in the 
proposed scenario, an air renewal of between 8 to 32 
CA / h would be achieved, the same levels of useful 
daylight (68%), a thermal comfort of up to 99.7% would 
be achieved if a constant speed of 1m / s was achieved 
during heat peaks, acoustic levels not higher than 65dB 
and finally an environment without Combustion residue 
pollutants.  
 
Figure 10: 
Comparative diagram of the final scenarios. 

 
Note: Comparative schematic section between the passive 
scenario (left) and the proposed final scenario (right). 
Displaying from top to bottom, air renewal, air velocity, UDI, 
comfort percentage, noise and air pollution.  
 
3.5 Thermal Comfort 
   The ideal scenario proved to be within the comfort 
range for almost the whole year, if the strategies were 
applied correctly, it is estimated that 99.7% of the year 

would reach temperatures within the comfort range 
inside the workspaces, as an active element the air 
injector that would facilitate night-time cooling and for 
the extremely hot weeks expected during April and 
May, an individual desktop fan is suggested to ensure 
air movement of 1m/s directly over the occupants. 
(Fig.11)  
 
Figure 11: 
Operative Temperature map. 

 
Note: Schematic floor plan, mapping expected indoor 
operative temperature after the integral design proposal. 
 
     If so, during a typical week it is estimated 100% of 
the time within the comfort range, as shown in the 
thermal comfort map in section and plan in figure 8, a 
stable and practically uniform temperature is achieved 
throughout the workspace of 22°C rising to 24°C in 
areas close to the windows. Figure 12 shows the effect 
that each of the strategies and design elements had on 
thermal comfort. 
 
Figure 12:  
Annual hours OPT % above 25°C. 

 
Note: Comparative charts, showing the annual hours percent 
of the operative temperature above 25°C on the analysed 
zones after implementing the design strategies. 

 

 

 
3.6 Materials and General Design Elements 
   The materials suggested for the interior meet 
thermal, acoustic and well-being needs, in that they 
follow cleanliness criteria and the accumulation of 
viruses or bacteria.  

•Change carpets for marble  
•Replace the acoustic benefits of the carpets, 

with acoustic absorption panels on the ceiling, such as 
those suggested in the section of elements(fig.9) 

•Solar control, horizontal and vertical louvers 
for acoustic rebound purposes and blocking of direct 
solar radiation.   

•Acoustic membrane immediately ventilated.  
•Low consumption air injector / extractor. 
 

4. IMPLEMENTATION 
     The first phase that was implemented of the design 
proposal was the natural ventilation strategy, enabling 
fresh air to enter into the office, parallelly the acoustic 
membrane and panel were installed as an acoustic 
ventilation box (fig.12). Finally, the carpet floor was 
removed, exposing the thermal mass of the concrete 
slab.  
 
Figure 12: 
Natural ventilation acoustic box. 

 
Note: Natural ventilation acoustic box installation, enabling 
fresh air entry while diminishing the exterior excessive noise. 
 
5. POST OCCUPATIONAL EVALUATION 
     After the first phase was implemented, a post 
occupational evaluation was performed, measuring the 
decibel levels inside the office, the air pollution trend 
and thermal comfort. 
     Acoustic performance was evaluated measuring 
during a typical day the decibel levels using simple tools 
data sowed fluctuating levels, ranging between 55 to 
65, some atypical picks of around 80db were detected 
as due to the heavy traffic on the highway. Users argue 
that as the carpeting floor was removed, acoustics tend 
to be worst than before, never the less no discomfort 
was expressed.  
     Simple air quality measurements were taken, using 
“Flow” a datalogger by Plume Labs. Data was gathered 
for more than 6 months, and no evidence of 

combustion gases were detected, suggesting that 
despite the proximity to the highway, air quality was 
not compromised. On daily basis VOC´s were the most 
predominant, picking when cleaning products were 
used. PM10 and PM2.5 diminished after the carpet was 
removed.  
     Thermal comfort was evaluated performing a survey 
to the workspace users, most of them expressed to 
have experience cold during summer (rainy season), but 
during the hot season during spring, no overheating 
was reported, were as before the intervention 
overheating was constantly reported.  
 
6. CONCLUSION 
     After applying the strategies described, the feasibility 
to achieve at least 4ACH in a workplace to diminish 
contagion risk was proven by passive means; despite of 
it, a hybrid ventilation system is recommended, 
integrating mechanical injection and passive 
ventilation, to achieve at least 12ACH; in addition 
passive strategies were integrated such as exposed 
thermal mass enhancing night flush effectiveness and 
shading devices were proposed on the façade 
increasing thermal comfort from 60% to 99.7% 
eliminating the need for curtains to control glare and 
un wanted solar radiation, increasing the UDI factor 
from 58% to 68%.  
       Data is still being gathered and analysed from the 
post occupational analysis to suggest further 
improvements. 
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ABSTRACT: Over the last few decades, concerns regarding air quality within buildings have increased, particularly in 
Europe and the United States. Although it is possible to know the ventilation rate by design, the actual values (during 
the occupation) usually remain unknown. We measured CO2 concentrations in 40 occupied rooms of three types of 
buildings (residences, workplaces, and classrooms) during the 2021 winter in Santiago de Chile. Two methods were 
applied to estimate the ventilation rates: the Decay rate and the Steady State. Results were analyzed by group and 
method to show variability and disparity. Results show a moderate agreement between methods. They also show a 
significant difference between houses and other building typologies—none of the residential buildings complied with 
the national or international standard for minimum ventilation rates. Conversely, 78% of workplaces meet the 
minimum recommendation, and 55% meet the minimum recommendation against COVID-19. Finally, 91% of the 
evaluated classrooms satisfactorily meet the international standard, but only 9% of them meet the minimum 
recommendation against COVID-19. This study suggests that an increase in ventilation rates might be required to 
achieve acceptable indoor air quality and reduce the risk of airborne transmission. 
KEYWORDS: Ventilation, COVID-19, Buildings, CO2 concentrations 
 

1. INTRODUCTION 
During the last decades, concern has increased 

regarding indoor air quality in buildings, particularly in 
Europe and the United States. Moreover, in March 2020, 
ventilation rates in working and living environments 
gained greater importance due to the global pandemic 
caused by SARS-CoV-2, and were identified as a key 
factor in reducing the risk of infection to this, and other, 
diseases that can be transmitted by aerosols.  

Very little is known about the indoor air quality in 
Chilean buildings. It is necessary to state the ventilation 
rate in rooms at the design stage of a project, but the 
actual ventilation during occupancy remains generally 
unknown and unchecked. Some guidance on how much 
ventilation is needed has been established by national 
and international technical groups, such as [1-4]. Their 
requirements for determining ventilation rates typically 
depend on the number of occupants, the room area, and 
the building type. A failure to deliver the correct amount 
of fresh air into the building would risk deteriorating the 
air quality needed for diluting contaminants, keeping 
occupants comfortable and healthy, and providing 
sufficient oxygen for stoichiometric combustion. 

Given the current pandemic, and possible 
implications of this on the future, the need arises to 
know what are the ventilation rates in Chilean buildings? 
Do these ventilation rates comply with current 
regulations or guidelines? This paper answers these 

questions by estimating ventilation rates in buildings 
that are expected to have the most significant impact on 
the health of the population due to the time spent in 
them: (i) residential buildings, (ii) workplaces, and (iii) 
classrooms. 
Other studies have evaluated ventilation rates (VR) in 
Portugal [5], in USA classrooms [6], and in Serbia [7]. 
They all show that VRs can be up to 49% below the 
design rate. 
The indoor CO2 concentration has been used as an 
indicator of per capita ventilation for many years [8]. It 
is worth noting that CO2 concentrations are not used to 
control indoor air quality but rather as an indicator of 
compliance with a required ventilation rate. This study 
measured CO2 concentrations in 40 naturally ventilated 
buildings (20 residences, 9 workplaces, and 11 
classrooms) located in Santiago de Chile during the 2021 
winter season and when used under SARS-CoV-2 
restrictions designed to limit transmission. 
 
2. THEORY 
Methods for calculating ventilation rates 
The CO2 concentration in an occupied room, given 
steady conditions, increases above the ambient 
concentration to an upper steady-state concentration. 
When the occupants leave the room, the CO2 
concentration decays back to the ambient 
concentration, which is also assumed to be steady; see 

 

 

Figure 1. The time taken to reach both steady-state 
concentrations is a function of the space volume. A mass 
balance equation is used to estimate the ventilation 
rates using measured CO2 concentrations. This is applied 
in two situations: (i) during the steady-state phase, after 
the mass of the tracer gas generated in the room has 
balanced with the mass coming into and leaving the 
room, and the concentrations reach the maximum, and 
(ii) during the decay phase, once the sources have been 
eliminated and the concentration starts to decrease [6].  
 
Figure 1:  
Typical tracer gas concentrations over time with steady-state 
and decay phases.  

 
 
2.1 Steady-State. 

A ventilation rate can be estimated from the steady 
state CO2 concentration; see Figure 1. People 
continuously emit carbon dioxide into a room at a rate 
that is dependent on their sex, age, body mass, and 
activity. These rates are generally assumed to apply to 
an entire population, which increases uncertainty in 
them [8]. The effect of this variability on the predictions 
has been explored previously in [9], showing that mean 
emission rates can vary by 20% between demographics, 
especially when the occupants are children. 
Nevertheless, this study does not account for these 
uncertainties and uses representative values when 
needed. 

A mass balance equation is used to estimate 
ventilation rates of a room by the Steady State method: 
 

𝑸𝑸𝒐𝒐[𝒎𝒎𝟑𝟑

𝒉𝒉 ] = 𝑮𝑮 [𝒎𝒎𝒎𝒎
𝒉𝒉 ]

(𝑪𝑪𝒊𝒊𝒊𝒊,𝒔𝒔𝒔𝒔− 𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐)[𝒎𝒎𝒎𝒎/𝒎𝒎𝟑𝟑]      (1)                                                                                         

where, Qo is the outdoor airflow rate that includes 
ventilation and infiltration, G is the sum of 𝑪𝑪𝑪𝑪𝟐𝟐 
generation rates of the occupants, C(in,ss) is the Steady 
State indoor CO2 concentration, and Cout is the outdoor 
CO2 concentration. This method assumes that the sole 
source of CO2 is from the occupants, and that any air 

entering from adjoining spaces has a CO2 concentration 
equal to the ambient concentration. 

The CO2 generation rate (G) of a person is 
determined following [10]: 

𝑮𝑮 = (𝑹𝑹𝑸𝑸 ×  𝑩𝑩𝑩𝑩𝑹𝑹 × 𝑩𝑩𝑴𝑴𝒐𝒐 ×  𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎) ×
 𝟑𝟑𝟎𝟎𝟎𝟎𝟎𝟎 [𝑳𝑳

𝒔𝒔]         (2) 
 
where, RQ is the ratio of the volumetric rate at which CO2 
is produced to the rate at which oxygen is consumed, 
known as the respiratory quotient, and is assumed to be 
0.85 [10], BMR is the basal metabolic rate of the person, 
the essential energy a person requires to sustain life, 
determined following the Harris-Benedict's equation 
[11] that depends on body height and mass, and Met is 
the dimensionless metabolic rate that describes the ratio 
of a person's energy demand required to complete a 
specific physical activity relative to their BMR. 

CO2 concentrations are generally given in standards 
in units of parts per million (ppm) (μL of CO2 per L of air), 
so they are converted to a mass ratio assuming  1.94 
mg/m3 per ppm, where 
 

(𝑪𝑪𝒊𝒊𝒊𝒊,𝒔𝒔𝒔𝒔 − 𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐)[𝒑𝒑𝒑𝒑𝒎𝒎] × 𝟏𝟏, 𝟎𝟎𝟗𝟗 [𝒎𝒎𝒎𝒎
𝒎𝒎𝟑𝟑 /𝒑𝒑𝒑𝒑𝒎𝒎] =

                          (𝑪𝑪𝒊𝒊𝒊𝒊,𝒔𝒔𝒔𝒔 − 𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐)[𝒎𝒎𝒎𝒎
𝒎𝒎𝟑𝟑]                          (3) 

 
where, Cin,ss-Cout (ppm) is the difference between indoor 
and outdoor concentrations, known as the excess 
concentration, at Steady-State conditions. Finally, the 
ventilation rate is normalized by the number of 
occupants, resulting in airflow per capita (in L/s/p or 
m3/s per person). 
 
2.2 Decay Method 
The ventilation rate can be estimated from the decay of 
CO2; see Figure 1. 
 

𝑪𝑪(𝒐𝒐)  = ( 𝑪𝑪𝟎𝟎 − 𝑪𝑪𝒓𝒓)𝑴𝑴−𝒂𝒂𝒐𝒐 + 𝑪𝑪𝒓𝒓                       (4) 

𝒂𝒂 = − 𝟏𝟏
𝒐𝒐  𝒍𝒍𝒊𝒊(𝑪𝑪𝒐𝒐−𝑪𝑪𝒓𝒓

𝑪𝑪𝟎𝟎−𝑪𝑪𝒓𝒓
)                                 (5) 

where, C(t) [ppm] is the concentration at time t[h]; C0 is 
the initial concentration (at t=0); Cr is the concentration 
of the replaced air; and a is the ventilation rate in air 
changes per hour (h-1), or ACH. Finally, ACH is converted 
to a volume flow rate with units of L/s and L/s per 
person. 

3. METHODS 
3.1. Characterization of ventilation rates 

We carried out in-situ measurements to characterize 
ventilation rates using Aranet4 sensors. These sensors 
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measure and record up to two weeks of CO2 
concentrations (± 50 ppm), relative humidity (± 3%), air 
temperature (± 0,4°C), and atmospheric pressure 
(± 0,001 atm). Here, the sensor was set to record mean 
averaged data every 2 min. 

The decay and the steady-state methods were applied 
to estimate the ventilation rates using equations (1) to 
(5). The method was chosen according to the room 
conditions, and its occupancy status. Measurements 
were carried out during and after occupation in 40 
different rooms in three types of buildings (see Section 
1). Data on occupancy times, number of people, room 
dimensions, and people's weight and heights were 
collected for each case. In the residences, the monitor 
was placed in the bedrooms during sleeping and left to 
measure after waking, when possible. 

The decay method requires the time-resolved data of 
indoor concentrations measured in the rooms; see right-
hand side of Figure 1. The best linear fit to the logarithm 
of the difference between indoor and outdoor 
concentration over time was obtained for each case. The 
slope of this fitted line corresponds to the mean 
ventilation rates over that period. The goodness of 
fitness of the data was evaluated and considered 
satisfactory for a coefficient of determination (𝑹𝑹𝟐𝟐) 
greater than 0.8, indicating a robust association between 
the model and the empirical data, following the 
recommendation of [12]. 

Results were compared against ASHRAE 62 standard of 
7 L/s per person, the ASHRAE's recommendation of 
20L/s per person or more to minimize SARS-CoV-2 
infections, and the minimum of 0.5 h-1 suggested by [13].  

Finally, the impact of excluding the furniture volume 
from the air volume on the results was tested to find 
whether there is a significant difference, and so should 
be part of the protocol. 
 
3.2. Statistical analyses 
3.2.1. Comparison between building typologies 

Data are summarized by building type (residential, 
workplaces, and classrooms) using descriptive statistics 
to compare and test variability between and within 
these groups. 

First, the Shapiro-Wilk test is applied to test the 
normality of each dataset, the integrity of the measured 
data, and to choose the appropriate statistical test. For 
normal distributions, the means are compared using the 
Student's t-test to determine if there is a significant 
difference between them. The Mann-Whitney non-
parametric test is applied for those that differ from 
normality. 

The magnitude of the difference between groups, 
known as the effect size, is analyzed using Cohen's d, and 

classified following [12]: (i) ≤0.41 is small, (ii) ≤1.15 is 
moderate or (iii) ≤2.7 is high. 
 
3.2.2. Comparison between methods 

A similar analysis is carried out to determine the 
difference between the two methods. First, a Shapiro-
Wilk test is applied to each dataset to test normality. The 
means are then compared using the Student's t-test to 
determine if a significant difference between them exists 
or the medians are compared using the Mann-Whitney 
test when distributions are not normally distributed. 

The strength of the association, or the magnitude of 
the effect, is determined following [12] and using 
Pearson's estimate for comparing two or more variables. 
Accordingly, a small, moderate, or strong association is 
determined for a maximum value of 0.2, 0.5, or 0.8 for 
Pearson's r, respectively. 
 
4. RESULTS AND DISCUSSION 
4.1 Ventilation rates 

Table 1 summarizes the ventilation rates obtained 
during the campaign. In all cases using the decay method 
R2 values were larger than 0.8. The results show great 
variability in the three types of buildings, reflecting their 
physical characteristics and occupancies. In addition, the 
results obtained from these typologies vary significantly 
in their mean value (µ), and in their variance, indicated 
by coefficients of variation (Cv) of 42% for residential 
buildings, compared to 108% for workplaces, and 51% 
for classrooms. 

 
4.2 Comparison between building types 

The results also show a significant difference between 
ventilation rates in residences and both workplaces and 
between residences and classrooms, U=4, (p ˂ .05); see 
Figure 2. Conversely, it is not possible to find a significant 
difference between workplaces and classrooms 
(p = 0.079). Despite this, the magnitude of the effect 
shows a small difference between workplaces and 
classrooms (d = 0.59) and between residences and 
workplaces (Cohen's d of 0.89), and a moderate 
difference between residences and classrooms 
(d = 1.79). It should be noted that the occupancy in 
residences was for one or two persons at the measuring 
time. 
  

 

 

Figure 2:  
Ventilation rates per capita (L/s/p) by building typology (both 
methods). 

 
Table 1: 
Ventilation rates per person (L/s/p) determined the decay and 
steady-state methods and by building typologies. 

 Residential Working 
spaces 

Classrooms 

n 20 9 11 
Minimum 0.63 1.88 1.60 
Percentile 5%, 𝑷𝑷𝟓𝟓 0.75 2.56 4.03 
Median,𝑴𝑴𝒆𝒆𝒆𝒆 1.17 22.56 16.36 
Mean, µ 1.31 41.73 14.93 
95% percentile, 𝑷𝑷𝟗𝟗𝟓𝟓 1.87 118.82 24.19 
Maximum 3.17 140.90 25.48 
Standard deviation, σ 0.55 45.19 7.62 
Coefficient of 
variance, 𝑪𝑪𝒗𝒗 [nd] 

0.42 1.08 0.51 

Note: [nd]: non-dimensional. 
 

Table 2 shows the results obtained using the decay 
method. The population mean of ACH for residencesis 
estimated to be between 0.18 and 0.29 h-1, 2.6 to 
4.48 h- 1 for workplaces, and 2.39 to 3.97 h-1 for 
classrooms, with 90% certainty; see 90% C.I in Table 2. It 
is worth mentioning that these ventilation rates were 
only measured after occupation, and with windows and 
doors closed. Thus, they can be considered 
representative of the infiltration rate as there was no 
ventilation.  
 
Table 2:  
Ventilation rates as air changes per hour ACH (h-1) by the decay 
method. 

 Residential Working 
spaces 

Classrooms 

n 12 9 11 
Minimum 0.06 0.18 0.36 
Percentile 5%, 𝑷𝑷𝟓𝟓 0.09 0.21 0.92 
Median,𝑴𝑴𝒆𝒆𝒆𝒆 0.22 1.81 3.31 
Mean, µ 0.24 3.54 3.18 
95% percentile, 𝑷𝑷𝟗𝟗𝟓𝟓 0.51 9.90 5.77 

Maximum 0.69 11.27 7.49 
Standard deviation, σ 0.17 3.78 1.80 
Coefficient of 
variance, 𝑪𝑪𝒗𝒗 [nd] 

0.69 1.07 0.57 

Confidence interval, 
(90%)CI 

0,24 ± 24% 3,54 ± 28% 3,18 ± 25% 

 
Only one of the residential rooms met the 
recommended minimum ventilation rates of 0.5 h-1 and 
7 L/s per person. Although occupant behavior was not 
included in the analyses, it is acknowledged that the 
human factor may play a significant role in keeping this 
parameter under healthy and acceptable levels [14]. This 
is because the campaign was carried out during the 
winter, and so occupants may have preferred to keep 
windows closed to save energy and/or preserve their 
thermal comfort. Future data on occupant behavior and 
their understanding of, and interaction with, ventilation 
systems is needed to fill these knowledge gaps.  

Better compliance with the ASHRAE standard is 
observed in workplaces and classrooms, where 78% and 
91% are >7 L/s/p, respectively. This could be influenced 
by the health recommendations issued by local 
authorities to reduce the risk of infection. Here, 
occupants may have acted to reduce transmission risk at 
the expense of their thermal comfort. However, only a 
small number of rooms (9%) met the recommended 
20 L/s per person to reduce the spread of SARS-CoV-2. 
Data on occupant behavior and their understanding of, 
and interaction with, ventilation systems outside of the 
pandemic is required to understand if this is true. 
 
4.3 Comparison between methods 
To apply both ventilation estimation methods to the 
same room, the concentrations must have reached the 
upper steady-state when occupied, and then the room 
must be unoccupied for the remainder of the measuring 
period. These conditions were observed in 12 of 40 
cases, and exclusively in residences. The coefficient of 
determination (𝑹𝑹𝟐𝟐 = 0.43) shows a moderate difference, 
according to Ferguson's thresholds (2009) [12]; see 
Figure 3. This disagreement might reflect the random 
variability of the parameter –the natural variation over 
time since the tests were carried out at different times– 
and epistemic uncertainty due to the applied methods. 
Here, the uncertainty in the emission rate (see 
Equation 1) will have significantly affected the estimate 
of the ventilation rate using the steady state method. 
Data on the left-hand side of the 1:1 agreement line 
indicate higher values using the decay method than the 
steady-state. In addition, the results using these two 
methods show a significant discrepancy in the mean 
value (µ); and variance, indicated by a 𝑪𝑪𝒗𝒗, of at least 33% 
for the steady-state method, and 69% for the decay. 
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Figure 3: 
Steady-state vs decay method, including the 1:1 agreement line 
and regression line (n=12). 

 
 

Finally, furniture volume varied between 5 and 10% of 
the room volume in residences; see Table 3. The impact 
of excluding furniture volume from the total air of these 
types of buildings and rooms was tested, but the results 
did not show a significant difference (p-value > .05 and 
Cohen's d = 0.18). Thus, including the furniture volume 
in the calculation would not affect the results 
significantly. Since the furniture to room volume ratio 
was found to be higher in residences than in any other 
typology, the impact on the other typologies is expected 
to be less significant.  
 
Table N°3:  
Furniture and room volume in residences (𝑚𝑚3) 

 Furniture 
volume 

m3 

Room 
volume 

m3 

Air 
volume 

m3 
n 20 20 20 
Minimum 1.46 14.42 12.94 
Percentile 5%, 𝑃𝑃5 1.48 16.39 14.69 
Median,𝑀𝑀𝑒𝑒𝑒𝑒 2.39 24.99 22.45 
Mean, µ 2.25 26.15 23.90 
95% percentile, 𝑃𝑃95 2.86 37.07 35.34 
Maximum 3.37 50.21 47.53 
Standard deviation, σ 0.50 7.71 7.55 
Coefficient of variance, 
𝐶𝐶𝑣𝑣 [nd] 

0.22 0.29 0.32 

 
Although this study provides empirical evidence of 

current ventilation performance in Chilean buildings, 
more information is needed to better inform future 
design in a highly unregulated built environment. 

Given the importance and impact of this parameter on 
a population's health, preparing our buildings with 

resilient ventilation is pressing. Moreover, well-
managed ventilation could have positive impacts on 
energy consumption, health, and billing costs related to 
air conditioning. Thus, this study can be used to inform 
new regulations and commissioning, disseminate, and 
raise awareness of ventilation, using conditions, and 
buildings management.  

Finally, more studies related to ventilation rates and 
their drivers are needed. A greater number of studies 
and data would allow a better understanding of the 
variability of this parameter, and its uncertainty could be 
reduced. Continuous testing to ensure compliance with 
the standards at the operational stage would prevent 
consequences that are potentially significant, and will 
affect the health of the population. This applies not only 
during a pandemic but also at all other times. 
 
5. CONCLUSIONS 

This study collected information on ventilation rates in 
three types of rooms by measuring CO2 concentrations. 
The measuring campaign was carried out in 40 occupied 
rooms of three building types (residential, workplaces, 
and classrooms) located in Santiago de Chile in 
wintertime. The decay and steady-state methods were 
applied depending on the rooms' use conditions. 
Results showed great variability in VR between the three 
types of buildings. The airflow for houses (n=20) was 
Me = 1.17 (90% CI [0.75 - 1.87] L/s/p), for workplaces 
(n=9) a Me = 22.56 (90% CI [2.56 – 118.82] L/s/p), and 
Me = 9.68 (90% CI [4.89 – 19.29] L/s/p) for classrooms. 
0%, 78%, and 91% of the residential, work, and 
classroom facilities met the national or international 
ASHRAE standard for minimum ventilation rates, 
respectively. This suggests that, in normal conditions, 
most of the existing stock could need additional 
ventilation to achieve acceptable indoor air quality. Low 
VRs could have been influenced by weather and use 
conditions during the measuring period, insufficient 
room volume, or an excessive number of people. 

The comparison between types of buildings showed a 
significant difference between residential rooms and the 
other types (p ˂ .05). However, it was not possible to find 
a significant difference between workplaces and 
classrooms (p = 0.079). Despite this, the magnitude of 
the effect showed that the three typologies have a small 
to moderate difference (0.59 – 0.89). Finally, a moderate 
correlation was obtained between both methods (𝑹𝑹𝟐𝟐= 
0.43). 

Although data remains limited for Chilean buildings, 
these results can be used in future measurement 
campaigns and building design, and the uncertainties 
can be incorporated into simulation and intervention 
studies. 
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Optimized design for a smart office indoor environment for 
mitigating electromagnetic radiation pollution 

Future cities 
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ABSTRACT:  5G smart buildings indicate the next transformational phase in the built environment and deploying 
numerous Internet of Things (IoT) and smart devices that are connected wirelessly, may produce unintended 
health problems for their occupants. Research and strategies in this direction are rare, and thus this paper aims 
to explore a potential design layout for a small office space taking into account Electromagnetic Radiation 
(EMR). The two main design aspects addressed in this simulation paper are network connectivity and building 
materials in relation to their shielding effectiveness. The simulations were performed using Computer Simulation 
Technology (CST) for two different frequencies, 2.45 and 6 GHz for three building materials: glass, concrete and 
wood. All building materials’ shielding effectiveness increased with frequency as high frequency scatters more. 
Glass increased radiation inside the space due to back reflection, as indicated by their negative value of shielding 
effectiveness while concrete and wood blocked incoming radiation at both tested frequencies. Among the three 
building materials tested, wood is suggested to provide safe interior spaces for occupants to shield themselves 
from high-frequency indoor radiation. The study also recommends separating permanent and temporary 
occupancy interior areas based on network connectivity with suitable materials.  
KEYWORDS: Smart Buildings, 5G, Health and Wellbeing, Electromagnetic Radiation, Computer Simulation 
Technology 
 
 

1. INTRODUCTION  
The future of cities is tied to the growth in smart 

buildings and IoT. Though the benefits are 
numerous from energy efficiency, promoting 
productivity and domotics assistance to dwellers 
[1]. The threats from these future smart buildings 
and smart cities are equally important and they can 
range from e-waste, radiation from IoT and smart 
devices with high frequency and excess CO2 from 
datacentres [2]. Radiation from wireless devices 
and IoT is a source of a health concern as research-
based evidence suggests that a myriad of illnesses 
can arise from continuous exposure [3]. There are 
mainly two categories of EMR pollution exposure 
that can occur in an indoor environment; one from 
Extremely Low Frequency (ELF) used by numerous 
home appliances, such as refrigerators, computers, 
hairdryers and the other from high-frequency radio 
, microwaves emitted by cellular antennas, cordless 
phones, Wi-Fi routers, baby monitors and IoT 
devices [4]. ELF is found to cause leukaemia, stress 
on the immune and nervous systems, dizziness, 
insomnia, headaches, digestive and circulatory 
problems [5][6]. Radio and microwaves are also 
found to cause adverse health effects such as 
tumors, cancers, decrease in white blood and red 
blood cells [7][8][9]. The adverse health effects 
from 5G (1 GHz-300 GHz), millimeter waves (from 

30 GHz) are found to be several times worse than 
that of ELF, radio and microwaves [10][11][12]. 
       Smart buildings connect numerous numbers of 
IoT devices and sensors to a cloud processor to 
send collected data for analysis and to make 
decisions about building functions. Thus, a typical 
smart building, envisioned to use 5G and 6G, i.e., up 
to 300 GHz will generate a continuous radiation 
with potential impacts on its occupants. 

One of the commonly recommended solutions is 
to provide hybrid connectivity, using wired and 
wireless connections as per the space layout 
requirements [13]. However, this area is less 
explored, thereby lacks suitable information 
regarding the mitigation of wireless radiation.  

In this paper, two design features are explored, 
one being possible design layouts for an office 
building to reduce radiation based on positioning of 
network connectivity. The second is the interior 
building materials that must be carefully selected to 
provide good shielding effectiveness (SE) from the 
wireless to the wired zones, lest radiation 
penetrates the wired (radiation-free zone).  

Three dominant building materials were tested 
in this study using CST simulation: Glass, concrete 
and wood, for two different frequencies, 2.45 GHz 
and 6 GHz. 
 

 

2. LITERATURE REVIEW 
      In 2011, International Agency for Research 

on Cancer (IARC) of World Health Organization 
(WHO) declared radio frequency radiation from 30 
KHz – 300 GHz as possibly carcinogenic ( Group ‘2B’) 
[14][15]. The radiation exposure guidelines followed 
by the International commission on Non-ionising 
Radiation Protection (ICNIRP) [16] and Federal 
Communications Commission (FCC), however 
considers radiation from radio frequency to have 
acute effects and those limited to heating of tissues 
[17]. Scientists believe the millimeter frequency to 
cause biological problems like cardiovascular 
problems, chromatin (DNA complex), hormonal 
changes. High frequency waves are also found to 
absorb water easily and cause eye problems even 
without heating effects, which is more dangerous 
[18]. Based on these research findings, several 
countries such as the Netherlands, Switzerland, 
Australia have banned 5G [19] until conclusive 
research findings about the safety of implementing 
it is guaranteed. On the contrary, there are research 
studies that indicate microwave radiation or those 
radiation which are non-ionic do not cause any 
health issues from the usage of mobile phone or 
from cellular base stations [20][21]. Some 
researchers also reported that there is no 
correlation between cancer and EMF [22][23]. 
However, research on this topic still remains 
inconclusive to understand if these types of 
radiation are harmful to humans or not.  
There are only a few studies done in the domain of 
buildings and radiation and none about smart 
buildings in particular. However, in their study, Vizi 
& Vandenbosch (2015), highlighted the potential 
shielding effect that building material(s) and 
shape(s) could impose on external EMF, but the 
study did not consider any wireless antenna source. 
Instead they simulated the space by irradiating with 
a plane wave of 1 GHz [24]. Wahba et al., (2021) 
simulated in CST the power density variation and 
influence of different roof shapes and concluded 
that roof shapes significantly influence EMR 
dissipation inside a building [25]. However, both of 
these studies used a plane wave excitation and not 
a real-source antenna. 
Moreover, building materials have natural 
electromagnetic properties that vary with 
frequency [26]. Thus, the dissipation of EMR inside 
smart buildings with wireless smart and IoT devices 
will produce different radiation patterns based on 
different building materials and frequencies. Hence, 
this paper aims to explore different zoning 
arrangements possible to reduce radiation and to 

evaluate the shielding effectiveness of the selected 
three building materials. 
3. METHODOLOGY 

The study used a simulation-based approach. 
Cisco packet tracer was employed to understand 
the main two design solutions that can be applied 
to smart buildings in mitigating EMR from various 
sources like smartphones, IoT devices and routers. 
The first design element was construed by network 
modelling to create different layouts possible in a 
smart office. These network layouts help 
differentiate between wired zone (green colour) 
and wireless zone (beige colour) in Figure 1. CST 
software was used to perform simulations to 
determine the shielding effectiveness of building 
materials.  
The following equation (1) calculated shielding 
effectiveness (SE),        

 

        (1) 
  
      Where, E1 and E2 are the estimated electric 

field intensities with no shielding material and with 
shielding material, respectively at the same point or 
plane. The same equation can be applied for H-field 
as well. 

The simulations were carried out for two 
frequencies, 2.45 GHz (4G) and 6 GHz (5G). 
Validation for the reliability of CST was also 
conducted before carrying out simulations in an 
actual concrete room. 
3.1 Hybrid Design Layouts  

The hybrid design layouts depict how an office 
space (discussed in this study) can be zoned 
appropriately to contain (control? limit?) radiation 
from wireless devices within that area. Therefore, 
zoning would allow (force?) the radiation not to 
transmit to other building areas. Two different 
options for hybrid design layout for zoning are 
provided. The first option (Fig. 1) has a separate 
network connection to all spaces, except for the 
reception region. It has been designed so that 
people who visit the office space alone need to use 
wireless internet on their smart phone or tablet.  

The second design alternative is to provide 
zoning for the meeting room, so that transient 
occupants or visitors in the office can use wireless 
internet for their discussion (Fig. 2).  

Further, both designs can be optimized if eco-
routers are used wherever wireless internet 
connection is provided, for instance, in the 
reception area to mitigate radiation. Eco-routers 
are routers that produce 90% less radiation than 
conventional routers [27]. The visitors using the 
meeting room in design 2, can be provided with RJ-
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45 ethernet cable connection that is available for 
smart phones and laptops.  

 
Figure 1: 
Hybrid design layout 1 

 
Figure 2: 

     Hybrid design layout 2 

 
 
The next part of the study will examine the 

influence of building materials in reducing the EMR 
generated in the wireless zone to wired zone, using 
the first design layout. 
 
3.2 CST simulation 
    The purpose of the simulation is to evaluate the 
shielding effectiveness of building materials in the 
reception area (wireless zone) to the wired zone. 
Moreover, the SE will also help to understand the 
role of building materials in mitigating the EMR 
generated indoors. For the design layout in Figure 1, 
a 3D model was initially created in Sweet Home 3D, 
which was later imported to CST (Fig. 3).  
 
 
 
 
 
 
 

Figure 3: 
3D model of office space in Sweet Home  
 

 
 
 
Wireless excitation for simulation testing was 
provided by importing field sources of an antenna 
for the needed frequency. The antenna was 
separately simulated in CST before extracting the 
field sources. Figure 4, shows the patch antenna 
used for exciting the office model. 
 
Figure 4: 
Patch Antenna used for wireless excitation 
 

 
 
Finally, building materials were reassigned to match 
the operating wireless frequency. The CST model 
with antenna field source were simulated for 
different frequencies.  
 
3.3 Validation 
     Validation was conducted to verify the result of 
real measurements and CST simulation. Figure 6 
shows the room plan and the smartphone device 
used to check the generated EMF using wintact 
WT3121 instrument. 
 The electric and magnetic field measured at 15 cm 
from the device was 26 V/m and 0.05 A/m, and the 
electric and magnetic field measured using CST 
were 27.769 V/m and 0.068 A/m respectively. 
 

 

Figure 5: 
Plan of real room where EMR measurements were taken 
      

 
 
4. RESULTS AND DISCUSSIONS 
In order to calculate the shielding effectiveness, 
electric and magnetic fields were calculated at the 
same plane (30 cm from the reception area wall). 
Measurements were taken from simulation with 
and without the shielding material for the 
simulation model. E-field computed from CST 
without shielding material was 5.085 V/m at 2.45 
GHz and 34.778 V/m at 6 GHz.  
Similarly, H-field without shielding material was 
found to be 0.011 A/m at 2.45 GHz and 0.045 A/m 
at 6 GHz. Table 1 recorded the shielding 
effectiveness of the three building materials for E-
field and H-field using equation 1. Simulated E-field 
distribution for material wood at 2.45 GHz is shown 
in Figure 6. 
 

Table 1: Tabulations of shielding effectiveness 

Frequency 
(GHz) 

Building 
Material 

Shielding 
Effectiveness 
of E-field (dB) 

Shielding 
Effectiveness 

of H-field 
(dB) 

2.45 Glass -1.043 -2.094 
2.45 Concrete 1.472 1.743 
2.45 Wood 2.277 1.743 

6 Glass 2.383 1.938 
6 Concrete 4.284 4.121 
6 Wood      17.142   19.084 

 
Figure 6: 
E-field distribution of building material wood at 2.45 GHz 
in CST  

 
 

      As frequency increased from 2.45 GHz to 6 GHz, 
the shielding effectiveness of E-field improved 
considerably. All values were positive, especially for 
glass, whose SE changed from negative to a positive 
value (Fig. 7). The reason can be attributed to the 
fact that glass is known to reflect and create 
multiple reflections inside the space more than 
concrete or wood. This in turn caused the radiation 
to increase in the reception area instead of reducing 
it.   
Concrete and glass showed almost the same SE at 
2.45 GHz but differed at 6 GHz, as wood’s SE 
increased to 17.142 dB from 2.277 dB (Table 1). This 
explains that as frequency increases, it scatters 
more and thus, building materials’ shielding 
capability increases regardless of the material. A 
similar trend was observed for the SE of H-field.  
 
Figure 7: 
Graphical representation of SE of materials at 2.45 and 6 
GHz  
 

 
Concrete and wood can be chosen as the building 
materials which can reduce radiation at 2.45 GHz 
rather than glass. At 6 GHz, all materials showed 
positive SE value, but, overall, wood proved to be 
the best material regarding shielding capacity as it 
attenuates the radiation both inside and outside the 
reception area.  
 
5. CONCLUSION 

The study evaluated an office space for 
mitigating EMR through hybrid zoning and selecting 
appropriate building materials. The hybrid zoning of 
the office space was done using Cisco packet tracer, 
while the shielding capability of building materials 
was performed through CST simulation. The study 
recommends separating permanent and temporary 
occupancy interior areas based on network 
connectivity with suitable materials. Wired 
connectivity can be provided for permanent 
workstations with employees. Wireless connectivity 
with eco-routers can be designed for common areas 
such as reception, waiting room, a pantry that are 
open to temporary and infrequent occupancy rates. 
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Among the three building materials tested, wood is 
recommended to provide safe interior spaces for 
occupants to shield themselves from high-
frequency indoor radiation. 
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ABSTRACT: Climate adaptation and mitigation are becoming a priority in urban planning practices and design. To 
effectively promote healthy and liveable conditions, an integrated approach is foreseen, balancing energy 
requirements, urban health and climate resilience. The transformation of urban surfaces, such as roofs, facades 
and open spaces, has a key role in this process. Indeed, they can contribute to producing renewable energy, 
reducing energy consumption, providing sustainable water management, and reducing outdoor temperature. 
Urban design plays an essential role in defining the types of materials and colors, ensuring an effective integration 
of different functions. This paper aims to provide design solutions for envelopes and open spaces to regenerate 
the existing built environment. First, a workflow is assessed defining the required services of the areas and the 
possible types of interventions. Finally, a set of solutions is proposed according to the type of surfaces and 
buildings. The application of the proposed approach has been tested in Trento, Italy, in a mixed-use 
neighbourhood. The suggested actions, based on the combination of nature-based, renewable energy sources and 
energy efficient technologies could constitute a guideline for practitioners and decision-makers to effectively 
retrofit urban areas.     
KEYWORDS: climate adaptation, mitigation, regeneration, urban design, multifunctional solutions 
 
 

1. INTRODUCTION 
As highlighted in the Paris Agreement, cities 

constitute key hubs of actions to address sustainable 
development. Climate adaptation and mitigation are 
becoming a priority in urban planning and design 
practices. To ensure healthy and liveable conditions, 
an integrated approach is foreseen to effectively 
balance energy requirements, urban health, and 
climate resilience. However, the implementation of 
climate resilient and low carbon interventions is still 
slow [1], due to for example lack of adaptive and novel 
planning tools and scarce capacity to coordinate 
multiple scales and sectors [2]. Moreover, while new 
areas and buildings are driven by sustainability 
regulations, the most critical challenge consists of the 
transformation of the existing heritage [3].  In this 
context, to achieve healthy and resilient urban areas, 
several challenges need to be tackled: integrating 
adaptative and mitigative requirements in the urban 
planning tools, in order to facilitate the 
implementation [4]; promoting a balance between 
adaptation and mitigation actions, to intervene 
efficiently in the built environment [5]; facilitating the 
transformation of the built environment compared to 
new constructions, to avoid land consumption and to 
regenerate the existing building stock [6]. 

Considering this framework, the present study 
focuses on the need to shift towards multifunctional 
solutions and to prioritise the transformation of the 

existing heritage to new constructions. Thus, it 
provides design solutions for buildings and open 
spaces to achieve low energy, adaptive and healthy 
regeneration interventions, based on the combination 
of Nature-based (NbS), Renewable Energy Sources 
(RES)-based and energy efficient technologies 
solutions. To contribute to the creation of a multiscale 
and multifunctional approach, the specific objectives 
of the paper are (i) the definition of a preliminary 
catalogue of solutions for urban transformations, and 
(ii) the experimentation of sets of solutions in a case 
study. 

 
2. CLIMATE SENSITIVE REGENERATION APPROACH 

Current practices lack a systemic approach capable 
of integrating several functions and challenges, and 
prevent regeneration processes able to tackle 
simultaneously several challenges. This study relies on 
the procedural framework, the performances and the 
functions of the built environment developed in 
previous studies [7], aiming to delineate a guidance for 
design practices.  This method is developed through 
three steps (Fig. 1): characterization of the area, 
definition of the required performances and 
identification of possible systems of interventions.  
The approach is meant to offer a guideline to 
regenerate neighbourhoods, as well as to propose 
design guidelines for open spaces and buildings 
according to typologies and morphology.  
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The proposed framework is based on the 
integration of climate-related challenges. Specifically, 
it combines the objectives and the required 
performances to simultaneously achieve temperature 
regulation, sustainable water management, energy 
sustainability, and health and wellbeing.  

Considering the interactions between urban 
climate and the built environment, the process guides 
through the change of urban components’ key 
parameters (e.g. morphology, geometry, materials), 
impacting on energy use, outdoor comfort, wellbeing 
and water management. Specifically, a system of 
interventions is set to modify the built environment 
starting from tridimensional parameters, affecting 
ventilation, solar radiation [8], to buildings’ envelopes 
and open spaces through permeability, albedo, 
evapotranspiration [8].  

 

 
Figure 1: Proposed workflow for climate sensitive 
regeneration. 
 

As the aim of the research is to consider 
transformations of the existing built environment, the 
proposed solutions will focus on the transformation of 
the existing urban surfaces, such as open spaces and 
buildings, rather than on the morphology of urban 
fabric. The question addressed in this paper is how to 
transform the urban surfaces to achieve climate-
related performances.  

 
3. CATALOGUE OF SOLUTIONS 

The present paragraph focuses on the delineation 
of a catalogue of solutions for surfaces, to facilitate the 
implementation of the integrated climate-proof 
approach. Recent scientific literature highlights the 
importance of designing urban surfaces considering 
the impacts that they can have on climate change. For 
example, recent studies suggest how to transform 
roofs in order to provide multiple functions [e.g. 9], or 
to combine urban surfaces with green infrastructure 
[e.g. 10]. Despite the attention that urban surfaces 
have been receiving, the common approaches to their 
exploitation are mainly sectorial. For example, they 
focus on single solutions [e.g. 11] or on single 

purposes, such as mitigation [e.g. 12]. Some recent 
studies investigate scenarios combining adaptation 
strategies to future climate and mitigation techniques 
[e.g. 13.], or to combine different challenges related to 
buildings’ energy performances [e.g. 14]. However, 
such studies focus on the relationship between energy 
performances and outdoor temperatures, excluding 
the impacts of solutions on water management. 

The catalogue of solutions proposed in this study 
aims to overcome such limitations, by highlighting 
which solutions are available and which climate-
related benefits they provide, including regenerative, 
adaptive concepts. Hence, the suggested solutions 
consider the urban components as a diaphragm, giving 
attention to the twofold effects of urban components 
on the indoor and the outdoor environment.  

 
3.1 Methodology 

The inventory of solutions is based on the following 
steps: classification of urban surfaces, literature 
review on possible solutions, categorization of 
solutions, identification of synergies and conflicts 
between climate-related challenges. According to the 
analysed literature, the selected solutions are suitable 
for urban areas and provide multiple benefits. The aim 
of the literature review is to select types of solutions, 
to describe where they can be applied, and to specify 
their direct and indirect benefits. 

 
3.2 Classification of surfaces 

The types of urban surfaces available for 
transformations are both on ground and buildings’ 
envelopes (Fig. 2). Ground surfaces include linear 
elements (e.g. streets) and open spaces (e.g. parking 
lots), while buildings’ surfaces are divided between 
roofs, facades and additional tridimensional elements. 
 

 
Figure 2: Types of surfaces. 
 
3.2 Collection and categorization of solutions 

A comprehensive literature review has been 
conducted, reviewing existing catalogues of solutions, 
research articles on single solutions, and research 
articles comparing different solutions. 

The collected solutions have been categorized as 
follows: Urban Green Infrastructure, Blue 
Infrastructure, Energy Systems, Shading devices, 
Building technologies (Fig.2). Each category is further 

 

 

divided in sub-categories, according to the type of 
solution. 
 
Urban Green Infrastructure (UGI) 

UGI provides many ecosystem services (e.g. 
balancing water flows, providing thermal comfort), 
contributing to ecosystem resilience and bio-physical, 
social, psychological benefits [15]. It is an 
infrastructure of built systems and green spaces, 
including large-scale elements such as wetlands, 
forests, parks, and small-scale elements such as green 
roofs and green facades.   
 
Blue Infrastructure (BI) 

BI provides benefits to sustainable water 
management as well as to cooling, through 
evaporation. It includes: natural water surfaces, such 
as rivers and lakes; artificial ones, such as canals; 
techniques like spaying and water curtains, which can 
be applied to ground surfaces as well as to buildings 
[16]. 
 
Energy systems (ES)  

ES include systems in urban areas that can 
generate energy locally produced from RES, to meet 
energy requirements (heating, cooling, electricity, hot 
water). Clean energy in built-up areas is mostly 
produced by active solar systems, applied in buildings’ 
surfaces or on-ground, as well as by grid systems that 
connect multiple buildings. 
 
Shading devices (S) 

S include solutions to protect from direct solar 
radiation, to adapt to the increase of temperature and 
to reduce the buildings’ energy needs. Shading devices 
solutions can be applied to buildings surfaces, as well 
as to open spaces. 
 
Building Technologies (BIT) 

BIT refer to the adaptive technologies, which rely 
on passive design to improve building energy 
efficiency and, indirectly, outdoor thermal regulation. 
These solutions include the techniques applied to 
buildings’ envelopes to encourage natural ventilation 
and maximize direct solar gains. 
 
3.3 Integrating solutions in the urban surfaces 

In this paragraph, a collection of solutions is 
presented to highlight their functions and to provide a 
reference to integrate them in the urban components.  

The results have been schematized in tables, to 
provide a simple and comprehensive result. The 
schemes are meant to offer guidance in choosing how 
to transform the built environment for practitioners 
and decision makers. 
 
 
 

Table 2:  
Types of solutions to implement on buildings’ envelopes 
 

Type Device Category Synergies 

Roof 

Green roofs UGI T,WM,E,HW 
Cool roofs BIT T,E 
Wet roofs UGI T,WM,E,HW 

Ventilated roofs BIT E 
Solar active PV ES E 
Solar thermal 

panels 
ES E 

Facade 

Thermal 
insulation 

BIT E 

Green walls UGI T,WM,E,HW 
Cool walls BIT T,E 

Trombe wall BIT E 
Glass with solar 

control 
BIT E 

Adaptive skins BIT E 
Sunshade S E 

Phase Changing 
Materials 

BIT E 

Climate facades BIT T,E,HW 
Ventilated 

facades 
BIT E 

Double skin 
facades 

BIT E 

Natural 
ventilation 

BIT E 

Night cooling BIT E 
BIPV ES E 

Solar panels ES E 

Add-on 

Productive 
façade systems 

UGI T,E,HW 

Vertical farming UGI T,WM,E,HW 
Wintergardens BIT E,HW 

Note: Categories: UGI – Urban Green Infrastructure, ES – 
Energy systems, BIT – Building and Infrastructure 
Technologies; Synergies: T – Temperature regulation, WM – 
Water Management, E – Energy Sustainability, HW – Health 
and wellbeing. 

 
To frame the contribution of urban surfaces to the 

climate-related challenges, their benefits are divided 
according to the scheme proposed in Fig. 1: 
Temperature Regulation (TR), Sustainable Water 
Management (WM), Energy Sustainability (ES) and 
Health and Wellbeing (HW). 

In the following paragraph, we focus on the 
solutions that can be applied to envelopes and open 
spaces. 
 
Rethinking building skins 

Two main categories of solutions can be 
distinguished for envelopes (Tab. 2): technologies 
relying on passive design, that improve energy 
efficiency of the building, and active technologies 
producing energy from renewable energy sources. 
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The functions of the buildings’ envelopes related to 
the above-mentioned climate related challenges are 
as follows [e.g. 17, 18]:  

● Facilitating natural ventilation to reduce 
energy consumptions for air conditioning 
(e.g. through double skin facades); 

● Increasing direct solar gain to reduce 
energy consumptions for heating (e.g. 
through solar greenhouse, regenerative 
PCM-facades, double skins facades); 

● Controlling heat transmission to reduce 
energy losses (e.g. through insulation and 
green roofs); 

● Increasing solar reflectance to reduce 
energy consumptions for air conditioning 
(e.g. through cool roofs and cool facades); 

● Locally producing energy from RES (e.g. 
through photovoltaic panels and thermal 
solar); 

● Collecting and reusing rainwater to 
reduce runoff (e.g. with using green and 
wet roofs). 

 
Table3: 
Types of green walls 
 

Green walls  

Ground based With self-climbing plants 
With climbing trees 

Plant-trough 
based 

Wall based lant troughs 
Ground based plant troughs 

Wall-bound Wall based with plant-troughs modules 
Wall-bound systems (Living Walls) 

 
The presented catalogue of solutions is not 

exhaustive, and it is meant as a tool that could be 
constantly updated. Moreover, several mentioned 
solutions are general, and can be further categorized, 
according to the specific technologies, as in the case of 
the green facades, described in Tab. 3. 
 
Integrating nature in open spaces 

The integration of nature in open spaces 
contributes to several benefits: improving health and 
wellbeing of people, creating more comfortable 
outdoor areas, managing urban water in a sustainable 
way, as well as indirectly reducing buildings’ energy 
consumptions. 

The climate-related functions of the open spaces 
integrated with UGI and BI are as follows [e.g. 19, 20, 
21]:  

● Facilitating ventilation, to reduce air 
temperature; 

● Increasing evapotranspiration, to reduce 
surface and air temperature as well as to 
manage rainwater; 

● Improving soil infiltration to temporarily 
retain water and reduce runoff;  

● Maintaining groundwater levels, 
preventing low river flows in summer and 
reducing the amount of wastewater. 

 
Table 4:  
Types of NbS to implement in open spaces 
 

Type Device Category Synergies 

Street 

Drain ditches UGI T,WM,E*,H 
Gutters UGI WM, T* 

Infiltration 
strips 

UGI T, WM, HW 

Channels BI T, WM, HW 
Green barriers UGI T, E, HW 

Bioswales UGI T, WM, HW 
Trees in streets UGI T, WM,E, HW 

Open 
space 

Green surfaces UGI T,WM,E*,HW 
Pervious 

pavements 
BIT T, WM, E* 

Cool pavements BIT T, WM, E* 
Urban forests UGI T,WM,E,HW 
Rain gardens UGI T,WM,E*,HW 

Pocket gardens UGI T,WM*,E*,H
W 

Flowerbeds UGI T, WM, HW 
Private edible 

gardens 
UGI T,WM,E,HW 

Community 
gardens 

UGI T,WM,E*,HW 

Community 
edible gardens 

UGI T,WM,E*,HW 

Trees in open 
spaces 

UGI T,WM,E,HW 

Trees in 
parkings 

UGI T,WM,E,HW 

Trees in parks UGI T,WM,E,HW 
Bioretention 

areas 
UGI T,WM,E*,HW 

Bioretention 
basins 

UGI T,WM,E*,HW 

Wet areas  UGI T,WM,E*,HW 
Water surfaces BI T, E, HW 

Lamination BI T, WM, E* 
Fitodepuration UGI T,WM,E*,HW 

Note: Categories: UGI – Urban Green Infrastructure, BI – Blue 
Infrastructure, ES – Energy systems, BIT – Building and 
Infrastructure Technologies; Synergies: T – Temperature 
regulation, WM – Water Management, E – Energy 
Sustainability, HW – Health and wellbeing. 
 

Moreover, the use of Sustainable Urban Drainage 
Systems (SUDS) improves water quality, by reducing 
the amount of contaminants, enhances biodiversity 
and provides valuable habitats and urban quality 
features [26]. 
 
4. APPLICATION IN A MIXED-USE NEIGHBORHOOD 

The application of the catalogue has been tested in 
Trento, an Alpine city in the North of Italy. A mixed-use 
neighbourhood has been chosen, mainly characterized 
by isolated buildings with large impervious open 

 

 

spaces, leading to urban heat island effect and 
stormwater management challenges (Fig.3). 

 

 
Figure 3: Case study: mixed-use neighbourhood in the North 
of Trento, Italy, and selected areas for the application of the 
sets of solutions. 

 
A set of solutions has been applied to the case 

study, experimenting with integrated solutions to 
address different challenges. Coherently with 
paragraph 3.3, in this paper we report examples of 
combinations for envelopes and open spaces.  
According to the characteristics of the area, the 
chosen open space is a parking lot, while the envelope 
belongs to an office building east-west oriented.  

 
4.1 Rethinking building skins 

 
Figure 4: Proposed set of solutions for an office building: 
creation of a second skin to protect from summer 
overheating and green roof with PV panels to improve the 
building’s energy performance. 

 
The approach developed for the selected building 

is to rethink the second skin to address excessive 
overheating in summer. A green second skin is 
proposed in the south facade to control solar radiation 
and to improve the façade’s quality, with a ground-
based system with plant troughs and solar shading.  

Moreover, a green roof is introduced to improve 
the building energy behaviour and to mitigate the UHI 

effect, combined with solar photovoltaic panels, 
partially covering the energy demand of the building. 
 
4.2 Integrating nature in open spaces 

The selected neighbourhood contains many flat 
paved surfaces - mainly used for parking - which lead 
to UHI effect and stormwater management issues. The 
main aim, by using NbS, is to provide urban cooling and 
to control the rainwater in the source (by using green 
roofs and pervious surfaces) and in the site (by 
introducing rain ditches). Thus, the proposed solutions 
aim to increase permeability and shaded areas, to 
effectively reduce runoff and reduce surface 
temperature. Moreover, by introducing NbS the 
quality of the area can improve. 

Two scenarios have been proposed: the former 
integrates drain ditches and trees in the parking lot, 
preserving the number of parking spots; the latter 
reduces the number of spots, to increase the green 
surfaces and to create a more pleasant area. 
 

 
Figure 5: Two scenarios of application of NbS in a parking lot: 
the first one introduces drain ditches to collect rainwater, the 
second one is an optimized version that improves 
temperature regulation and the quality of the area. 
 
5. CONCLUSION 

The main purpose of the study is to strengthen the 
role of urban surfaces to develop guidelines achieving 
multiple functions for climate resilience and 
sustainability. The outcome is the experimentation of 
a method to support decision makers and practitioners 
in designing and implementing interventions 
combining climate adaptation and mitigation with 
regenerative actions. The multi-function and multi-
scale proposed approach aims to guide socio-
ecological transition and could represent an effective 
asset for urban transformations responding to the 
climate-related challenges. 
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Future developments of the study will include the 
experimentation of other typical typologies in the 
urban environment of Trento, to extend the proposed 
guidelines. Furthermore, the evaluation of the 
environmental performances of the proposed 
solutions is expected to understand their 
effectiveness. 
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Eco-cooler for vulnerable communities  
A low-tech passive cooling vernacular approach for hot arid climates 

 

 

 
Abstract: With the gradual rise in the Earth’s temperature, the number of people suffering from extreme heat waves, 
especially in hot climates is also increasing. A hands-on experimental passive cooling system made from traditional 
Shisha clay funnels for the hot and dry Egyptian climate is tested in an urban living lab for proof of concept. Several 
clay funnels were investigated and tested for their performance for cooling in terms of size and form. The clay funnels 
were first measured and simulated for their efficiency in accelerating air flow inside residential units and their ability 
to enhance the air velocity if combined with cross ventilation strategies. Computational Fluid Dynamics (CFD) 
simulations were conducted in ANSYS Fluent to understand the airflow behaviour inside simulated test shoe boxes 
designed to resemble living rooms. A standard k-ε turbulence model for single and multi-unit’ configurations was 
used, followed by the application of experimental test cells for the cooling system and monitoring to test thermal 
performance. The simulation results showed significant enhancement in air flow and air speed inside the test room 
compared to conventional windows, while the monitored test cells showed an average reduction in indoor 
temperature of 5 degrees and an average humidity reduction of 40 %. Further monitoring is needed to test other 
alternatives of the eco-cooler funnel design and improve overall performance. 
 
KEYWORDS: Passive cooling, clay funnels, CDF, living labs, vernacular thinking, urban poor 

 
1. INTRODUCTION  

 
With global climate change, we are now facing an 

uptick in extreme heat events(Hulme, 2022). More 
areas worldwide will likely be affected by extreme heat 
waves more often while other areas will experience 
more severe heat for longer periods of time. These 
events will increase mortality rates due to heat stroke, 
draught and other negative consequences of extreme 
and prolonged heat on health and wellbeing. Typical 
hot arid climates are charactered by hot mornings and 
rather cool nights. In the past, vernacular approaches 
using cool night flushes helped to reduce high morning 
temperatures by cooling buildings at night and trapping 
cool air inside until at least noon. However, recent 
trends show  increases in the number of hot summer 
nights per year, which means less cooling occurs at 
night. 

Air-conditioning systems in residential units are now 
being installed in mild climates and even in cold 
climates to cope with summer heat waves. Air-
conditioning systems are not only energy abusive, but 
they also contribute to increases in outdoor 
temperatures, further exacerbating climate change. 

Apart from the negative side of using active mechanical 
air conditioning systems, air-conditioning increases 
indoor comfort. Yet it is restricted to those who can 
afford to buy and pay the energy bills. This privilege 
does not apply to the majority of urban poor 
populations who live in poor conditions and can’t afford 
such luxury.  Home-makers, children, people with 
disabilities, and retirees are examples of population 
demographics who stay at home most mornings,  often 
suffering from indoor heat stress during summer 
months. At night, the majority of the population who 
cannot afford mechanical air conditioning often suffers 
not only due to the heat, but compounded by the sleep 
deprivation it causes. 

These vulnerable communities are the main 
beneficiaries of the outcomes of this study. The main 
point of this study is to offer a low-tech cooling system 
that can be installed easily and function like a “plug and 
play” system. The system can be assembled in less than 
2 hours. Users can buy the eco-cooler pieces and install 
them themselves based on the size of their homes. The 
main and sole materials of the eco-cooler is clay.  

This study was conducted in Cairo, Egypt, where 
there is a hot arid climate and60 % of the population 
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lives under poor conditions, in informal areas. The 
research team has been working on using ‘cone shaped’ 
clay units to accelerate air-movement inside indoor 
spaces and reduce air-temperature. Clay has thermal 
properties that offer a natural regulator for heat 
transmission from outdoors to indoors. This lag-time in 
heat transmission is improved when the walls of 
residential units are not only made of clay, but also 
thick. After several experimental trials with clay cone 
shaped cooling units, Shisha funnels available in 
traditional Egyptian markets (see figure (1&2)) were 
tested. Using an existing good available in most markets 
for an affordable price (I EGP= 0.001 USD) will help 
make the eco-cooler accessible to most families.  

The eco-cooler was monitored during June and July 
of 2021 and 2022. The results are promising in terms of 
reducing the humidity and air temperature of indoor 
spaces. The experimental work for the eco-cooler unit 
was done in an urban living lab on a roof top of one of 
the residential buildings in Cairo. The idea has potential 
for further applications in similar climatic contexts.  
 
2. METHODOLOGY  

The study followed an experimental urban living lab 
methodological approach using several tools and 
techniques.  

 
2.1 Experimental simulation  
The first step of the study was to conduct an 

experimental simulation using several shapes and forms 
of cone units (Shisha funnels) as a base for the eco-
cooler. This step was based on our understanding for 
the rule of thumb of aerodynamics for cone shapes and 
the thermal properties of clay. Test simulations 
included an investigation of the efficiency of different 
forms. We tested 10 different shapes and sizes of 
Shisha funnels that were available in Egyptian markets.  
The funnels were drawn in 2D and 3D so as to use real-
life measurements in computer simulations. After 
running Computational Fluid Dynamics (CFD) 
simulations,  two shapes were selected for further 
analysis as test cells in an urban living lab context on 
the roof top of a residential building in Cairo.  

 
2.1.1 CFD simulation 
The Computational Fluid Dynamics (CFD) software 

package ANSYS FLUENT 2019 R3 was used in this study 
to simulate the airflow performance for different shisha 
funnel units. Two-dimensional geometry was drawn for 
both solid and fluid domains. The SIMPLE algorithm was 
applied for the pressure–velocity coupling in the 
segregated solver. A second order upwind scheme was 
adopted for the discretization of the governing 
equations. A standard k-ε turbulence model was 

applied to model the transport of turbulent kinetic 
energy, which is one of the most effective methods for 
natural ventilation simulations (Hughes et al, 2012). 
Uniform inlet velocity for the boundary condition was 
assumed to be 3.37m/s (the average wind speed in 
Cairo according to the weather data files.)  

A 60x70 cm shoe box was modelled to resemble a 
living room with 21.5x30.5 cm (width x height) 
windows. In the shoe box, 4 Shisha funnels were tested 
for both single and cross ventilation techniques, as 
shown in figure 1. The window size was selected to be 
⅓ the size of the façade to resemble typical residential 
units in Cairo. Figure 2 shows the shoe box 
computational domain, with dimensions of 17x7m for 
width and height, respectively.  
 

 
 

Figure 1:  Single side and cross ventilation investigation in a 
1x1 m shoe box room. 

 

 
Figure 2:  The computational domain 

 
 
2.2 Test cells in urban living lab 
3 test cubes (60*60*60 cm) were constructed on a 

roof top of a residential building in Cairo. The materials 
used in the text cubes are red bricks for the wall and 



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

782 783

 

reinforced concrete for the ceilings. They resemble  
conventional construction techniques used in informal 
residential areas in Cairo. The eco-cooler was installed 
in two of the test cubes. One was installed using a 
single Shisha layer (7 cm thick) and another was 
installed using a double Shisha layer (14 cm thickness), 
measuring 20 cm in high and 20 cm wide.  One test 
cube was left without an eco-cooler as a control case. 
Figure 3 shows the test cells after constructing and 
implementing the eco-cooler. Figure (4) shows the final 
outcome of the test cells with the two different designs 
of the eco-cooler. 

Figure 3: The construction process of the eco-cooler during 
the proof-of-concept test cells using 8 and 16 funnels. 

 

 
Figure 4: The eco-cooler after completing the drying process 
and before monitoring started. 
 

2.3 Monitoring and evaporative cooling 
The monitoring was carried out using the computer 

software Easy Logger. Ten minute intervals were 
monitored over the course of 7 days  – from August 8 to 
August 15, 2021. The loggers were places in the three 
test cells (two containing eco-coolers and one control 
case). Outdoor temperature was also measured to 
compare between the temperature of the indoor test 
cells and the outdoor one. The loggers were placed in 
the center of the test cells for the indoor monitoring 
while the outdoor temperature was measured through 
a local weather station. The loggers and the weather 
station were calibrated. Figure 5 shows the test cells 
and the loggers during monitoring. 

 
The text cubes were monitored from August 8-15, 

2021 to test the efficiency of the eco-cooler pilot trial. 
Indoor temperature and humidity were monitored 
together with outdoor temperature and humidity. 
Figure 5 shows the loggers inside the test cells. 

 

Figure 5:  The loggers inside the test cells during 
monitoring. 

 
After the complete construction of the eco-cooler 

and after the complete drying process of the clay 
mortar (to ensure that there was no internal humidity 
in the clay funnels or the mortar), monitoring started. A 
water sprinkling system was added for evaporative 
cooling. The water sprinklers were automated to spray 
water on the clay funnels 3 times a day for one minute 
each time between 8:00 PM and 09:00 PM. Figure 6 
shows the eco-cooler after water sprinkling. 
 

 
Figure 6: The test cells in the evening after the water 

sprinkling for evaporative cooling. 
 

3. RESULTS AND DISCUSSION  
 

3.1 Simulation outcomes 
The CFD simulation for the 60x70cm shoe box room 

showed the velocity contours of the vertical plane 
inside 4 different test cells for cross ventilation. One 
scenario was tested for a typical case using a 
conventional window and the three others were tested 
using the Shisha funnels in different configurations. 
These 4 different test cells were used to compare the 
performance of different Shisha funnel configurations.  
 

The results of the simulation showed that using 
Shisha funnels on both sides of the shoe box created 
the most uniform air distribution (Figure 7d). In terms 
of the placement of Shisha funnels, when 4 Shisha units 
were used as inlets and one as an outlet, the least air 
distribution was achieved (Figure 7b). When one side 
was used with 4 Shisha funnels and the other side was 
left open, the air distribution was better than resulted 
from the configuration shown in Figure 7a, but worse 
(lower speed) than the configuration shown in Figure 
7d. The configuration shown in Figure 7a demonstrated 
the highest air velocity in the center of the room, but 

 

non-uniform air distribution, compared to the 
configurations shown in Figures 7c and 7d.  

When one side was used with 4 Shisha funnels, as 
shown in figures 7c and 7d, it accelerated the air 
velocity in the upper level of the box compared to the 
fully open window show in figure 7a. Although the 
configurations shown in 7c and 7d achieved better air 
distribution in the whole room, 7a achieved the highest 
air velocity and distribution in the lower part of the 
room. While these preliminary results show that Shisha 
funnels do not seem to increase the air velocity inside 
the room compared to the fully open window, their 
shape shows promise in helping redistribute and orient 
airflow inside rooms, especially in cases where airflow 
is not perpendicular to the front of the room.  
 

Figure 7 shows the final simulation outcome 
 
While the shape of the clay funnel minimizes the 
amount of air that passes through the external wall and 
inside the shoe box, it maximizes the air velocity inside 
the clay funnel and gives a better air distribution in the 
whole space. Moreover, the characteristics of the clay 
material show high potential to reduce the air 
temperature in living rooms using evaporative cooling. 
Accordingly, the internal diameter of the clay funnel 
could be optimized in further research to maximize the 
amount of air that enters the room by cooling the air 
that passes through the clay material.  
 
 
3.2 Monitoring outcomes 

Monitoring showed a difference between the 
performance of the eco-cooler when dry and when wet 
using evaporative cooling. That is compared to the 
performance of the control case and the outdoor 
temperature. After sprinkling water on the funnels to 
test the evaporative cooling of the two eco-cooler 
cases, monitoring results showed a 4 degree difference 
(for the 9 nozzles) and 4.5 degree difference (for the 13 
nozzles) in indoor air temperature compared to the 
control case. The control case was 0.5 degrees higher 
compared to the outdoor temperature. The 

temperature difference diminished as the nozzles were 
dried, reaching a difference of only 2 degrees and 2.5 
degrees compared to the base case, respectively. These 
results can be interpreted to mean that the evaporative 
cooling was effective in helping reduce the air 
temperature inside the test cells. More monitoring for 
the impact of water sprinkling is needed over a longer 
period of time in order to more accurately measure the 
evaporative cooling effects of the wet shisha funnels.  
 
 

 
Figure 8.  Monitoring outcomes, showing the temperature 

difference between the two test cells with clay nozzles, the 
control case, and the outdoor temperature.   
 

 
 
Figure 9: Short video demonstrating the proof-of-concept 

construction process 
 

 
4.CONCLUSION 
 
This study used vernacular low tech and passive cooling 
concepts to design and implement a pilot eco-cooler 
using Shisha funnels for Cairo’s hot arid climate. The 
experimental study and monitoring results were 
promising in terms of reducing the indoor temperature 
by 4.5 degrees. More trials will be conducted to 
improve the performance of the eco-cooler and reduce 
the indoor temperature to 24 degrees as an average 
indoor comfort range in Cairo and similar climates.  
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Z-free home 

A circular practice 

 

 
 

ABSTRACT: The need for affordable housing require more compact living conditions. With the rising impacts of 
climate change, a new way of thinking is needed to develop more resilient and climate responsive ways of living. 
In response, the idea of a ‘Z free home’ was born. The ‘Z free home’ is a tiny mobile house equipped with passive 
and eco-cycle systems that achieves 9 zero targets. The main design and construction concept is based on 
circularity and a return to nature life cycle principles. In this paper, the design concept, building modelling, and 
simulation for the Z free home design proposal is evaluated. The project is ongoing, and it aims at a full-scale 
physical prototype as a proof of concept for the 9 zero targets. This paper describes the design phase and will show 
the next steps planned for the proof of concept i.e., the 1:1 house model. The project is designed for the cold 
Swedish climate, but could be more widely applicable, both in other mild climates as well as hot climates. 
KEYWORDS: Z free home, Eco-cycle, Passive design, 9Z 

 
1. INTRODUCTION AND STATE OF THE ART 

 
Scarce global resources and the mounting climate 

crisis are among the greatest challenges mankind faces 
today. There is a growing recognition that there is no 
planet B and that addressing the issues of climate 
change, biodiversity loss, mass extinction and 
environmental damage and pollution may be the 
principal challenges of our time (Hes & Du Plessis, 2015). 
Buildings and construction together account for more 
than 36% of global final energy use and 39% of energy-
related carbon dioxide (CO2) emissions (IEA, 2021). In 
recent years, the building sector has been moving 
steadily towards energy and resource efficiency, yet still 
not enough has been done to offset the rising energy 
demands of the building and construction industry. Over 
the next 40 years, the world expects to build 230 billion 
square metres in new construction (UN, 2021). That is 
the equivalent of adding a city the size of Paris to the 
planet every single week and a city the size of New York 
City every month.  

Traditionally, in order to solve housing shortages, 
mass building using industrial materials is the quickest 
and easiest solution. A building’s impact on the 
environment typically comes as a low priority.  
Fortunately, many opportunities exist to deploy energy- 

 

 
 

 
efficient and low-carbon solutions for buildings and 
construction (Dabaieh,2017). However, such ideas are 
not yet mainstream in the building market, especially 
within the residential sector. The UN’s Sustainable 
Development Goals are giving new purpose to 
businesses, their buildings, and how they are designed, 
constructed, and used (French& Kotzé, 2018). Ambitious 
action is needed without delay to avoid locking in long-
lived, inefficient building assets for decades to come 
(Lopes et al.,2017). 

In this paper, an experimental living lab study is 
discussed as a pilot project for the design of a circular 
home. The study followed methodological steps to 
achieve 9 zero targets following circular design 
principles. While the study is ongoing, this paper reports 
on the results of what has been achieved so far. The 
house was designed for a Swedish climate, specifically 
for Lund, in southern Sweden. However, the 
methodological approach is possible to follow in 
different climatic and geographical contexts.  

 
2. THE Z- FREE HOME DESIGN CONCEPT  

 
The Z free home is a high-risk, high-gain eco-cycle 

home that exemplifies a return to nature design 
solution. The house will be designed and built using bio-
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based fibres that are sometimes disregarded as 
agriculture waste. The home is powered by renewable 
energy sources and aims to save 40% of energy 
consumption compared to current energy efficient 
buildings in Sweden. No mechanical systems will be used 
for heating, cooling or ventilation.  

The building will be based on natural zero energy 
solutions that function year-round and produce more 
energy than the building consumes. The house will offset 
all its carbon emissions, if any, and aim to reach a 
negative carbon footprint. When it is time to demolish 
the building, all the main building components can be re-
used as building materials, food for animals, or as 
biofuel. If the materials are not recuperated, they can rot 
as compost and return to nature. All organic waste and 
wastewater will be recycled and reused again, leaving 
zero waste behind. The design is simple, and all the eco-
cycle systems will function as plug and play solutions.  

The project is challenging – constructing the house in 
only 5 days with the help of 7 volunteers in a do-it-
yourself (DIY) fashion, using only screwdrivers. In this 
way, the house is a unique challenge – it requires zero 
outside energy inputs, generates zero building material 
waste, produces zero carbon dioxide emissions, requires 
zero material costs, bears zero transportation impacts, 
creates zero operational waste, and requires zero labour 
costs (if you build it yourself). Finally, it has zero impact 
on the environment when the building is demolished. 

 
3. METHODOLOGY  

The project follows four main methodological steps. 
However, this paper will only present the outcome of the 
accomplished parts of the first and second phases as the 
third and fourth phases are not yet completed. The 4 
phases are: 

1. Design and design development phase: 
This phase starts with a literature review and 10 

intensive structured interviews with technical experts in 
the field of green systems. The literature review and 
interviews formed the basis of the architectural design 
phase for the innovative passive and eco-cycle systems. 
After the technical design phase, successive runs of 
building simulations were conducted using building 
energy modelling as a decision support tool for the 
passive and the eco-cycle systems design. Towards the 
end of this phase, two participatory and transdisciplinary 
workshops were carried out with technical experts, 
municipality personnel, a designer, representatives from 
the green construction building sector and local 
homeowners representing the non-technical home 
occupants. Virtual Reality (VR) interactive tools were 
used in these workshops to help the participants 
understand the passive and eco-cycle systems inside the 
house. The outcome of the workshop was meant to 

assist in enhancing the eco-cycle systems and add user-
friendly detailing in the design of some of the features 
that were not accepted by the technical experts or 
homeowners. 
2. Technical calculations and simulation: 
A more advanced modelling and computational fluid 
dynamics simulation was carried out with the help of 
numerical calculations for energy use, heating and 
cooling loads, CO₂ emissions and renewable energy 
power generation. In addition to calculations and 
simulation for life cycle assessment (LCA) and life cost 
analysis (LCC). After that, lab experiments on building 
materials will be carried out to test the proposed 
materials to be used in the construction of the house. 
Tests such as water and fire resistance, compression, 
tension strength and structural stability were conducted. 
Many design iterations are expected in this phase after 
the simulation. A re-design and re-assessment will be 
done to verify the efficiency of the proposed systems 
after the LCA and LCC calculations.  

At this stage of the project, the evaluation of the 
primary energy needs, and visual comfort of the Z-free 
home was measured with the ClimateStudio simulation 
software. The outdoor climate conditions were taken 
from the Climate OneBilding database (One Building, 
2022) for Malmö (Sweden), with information from 2004 
through 2018. The values of the domestic hot water and 
internal equipment loads were not calculated at this 
stage, and instead were taken from the requirement of 
the Swedish National Board of Housing, Building and 
Planning's constitution (BFS) 2017:6 BEN 2 (Boverkets 
författningssamling, 2017) for residential construction, 
providing values of 20 kWh/m2y for domestic hot water 
and 30 kWh/m2y for household needs. In future stages, 
these values might be re-evaluated and reduced. 
One of the aims of this stage of the project is the 
evaluation of primary energy demands for heating and 
cooling and a comparison of those values against the 
requirements of BEN 2 (Boverkets författningssamling, 
2017), Swedish environmental buildings standard 
‘Miljöbyggnad’ (SGBC, 2021a), and German Passive 
House Institute standards (Passivhaus, 2021). According 
to aforementioned standards, primary energy use for 
heating and cooling should not exceed 15 kWh/m2y after 
the implementation of passive measures, and total 
energy use intensity of the passive house should be 
below 75 kWh/m2y. Indoor temperature was also 
considered, with the inclusion of FEBY18 standard 
requirements (Feby 18, 2019). For Sweden, this standard 
defines overheating as an indoor temperature above 
26°C between April and September. Typically the 
number of hours when temperature is above 26°C 
should not exceed 10% of the whole number of hours in 
this period. 

 

Electricity produced through solar panels was also 
calculated at this stage.  The simulation included specific 
monocrystalline solar modules - model CS3K-300MS, 
which maintain a 20 % nominal efficiency. The inverter 
used for the photovoltaic installation was Solar Power YS 
YS-3000TL, 240 V. The system covers a total of 16 m2 of 
the roof.  

3. Proof of concept phase 
The aim of this phase is testing the proposed low 

impact building envelope using natural materials (clay 
and plant-based materials like straw, reeds, wood, kenaf 
and jute) together with the passive eco-cycle systems in 
real life. A prototype of the test cells will be built in a 
laboratory environment to reduce the performance gap 
between the building performance simulation 
calculation and the real building performance. It will also 
allow for necessary design rectifications to be made 
before the full-scale house prototype is implemented. 
The proposed passive systems, a Trombe wall and a 
green wall, will be tested in the solar simulator lab. They 
will be simulated again together with earth pipes in the 
wind tunnel simulator lab to test the efficiency of passive 
heating and cooling with natural ventilation and natural 
air purification systems. Test cells are also important in 
order to estimate the efficiency expected from eco-cycle 
systems such as the composting toilet and the biogas 
stove. They can also be used for water heating. A 
demonstration test hybrid renewable energy system (PV 
and domestic wind turbine) without batteries will also be 
tested in both the solar lab and the wind lab. This is to 
ensure a net plus energy production in connection to the 
passive heating and cooling systems. The same tests will 
be conducted for the earth fridge and the low-tech 
waterless machines. In parallel to this phase, the 
researchers will prepare a detailed inventory for the test 
cells from a cradle-to-cradle life cycle perspective. The 
payback time for the systems and the whole buildings 
will also be calculated. 

4- DIY construction in an urban living lab 
The building construction stages for a physical full 

house model (20 m2) with the eco-cycle and passive 
systems as a proof of concept is planned in DIY fashion. 
The house will be built in the experimental urban living 
lab area in Lund. The duration of construction is 
expected to take between 5 and 7 working days with the 
help of 7 volunteers. However, poor weather conditions 
could delay the construction process. Construction is to 
be carried out using participatory do-it-yourself (DIY) 
methods. Architecture and building construction 
students together with students at vocational schools 
will be the main target groups as volunteers. In this 
phase, pre-occupancy structure safety site tests will be 
carried out together with water leakage and indoor air 

infiltration tests. Finally, test occupancy time will be 
measured as part of a post-occupancy evaluation. 

 
4. RESULTS  

 
4.1 Literature outcomes  

The literature search helped ground this study. It 
helped the researchers understand whether similar 
research on passive and eco-cycle building design has 
been conducted using circular design concepts. The 
target sources were journal articles, books, and technical 
reports from research projects, architecture, 
construction companies, and investment companies. 
The outcome of the literature search could be 
summarised in a gap between academia and practice 
when it comes to testing and experimenting zero 
emission building and circular buildings. The search also 
showed that the majority of circular buildings end up as 
pilot projects, but do not make it in common practice. 
There is a lack of application of eco-cycle systems in an 
integrated manner with passive systems and circular 
design principles. There are no homogeneous design 
protocols that can combine all three objectives – passive 
house, circular design principles, and at the same time 
equipped with eco-cycle systems.  
4.2 Design proposal  

The house design process resulted in a compact living 
house prototype – a place that contains the main 
necessities for a tiny house equipped with daily 
conveniences. Several passive systems are used to cover 
the needs for heating, cooling, natural ventilation, and 
daylight. A hybrid Trombe wall and green wall are used 
for passive heating and for indoor air purification. An 
Earth Air Heat Exchanger (EAHE) which takes advantage 
of both open and closed air cycles, is used for passive 
heating, passive cooling, and natural ventilation. A 
skylight is integrated in the roof design for adequate 
daylight, which is always a challenge in Scandinavian 
climates. Eco-cycle systems are show in Figures (1,2&3). 

 
Figure 1: EAHE for passive cooling and heating used both for 
fresh and tight mode. 
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Figure 2: Waste management systems for recycling and reuse 
of grey and black water in addition to rainwater harvesting.  

 
Figure 3: Waste management system for biofuel. 
 
The house has flexible folded furniture together with 

a built-in kitchen and bathroom. The kitchen is equipped 
with a stove, refrigerator, and a biogas composting 
system as fuel for the stove. The bathroom has a toilet 
that separates solid waste as compost or biofuel for hot 
water. The kitchen also has an organic composter where 
organic waste from the bathroom can be mixed to 
produce biofuel for cooking and to heat water. The grey 
water from both the bathroom and the kitchen is filtered 
and reused for household cleaning and for irrigating non-
edible crops in the green wall. Figure (4) shows the 
integrated hybrid green wall and the Trombe wall 
together with folded furniture. 

 
 
Figure 4: Axonometric of the house showing the folded 

furniture design, integrated Trombe wall and the green wall 
passive systems.  

 

The folded furniture helps in maximising the use of 
the space. It also gives a flexible layout so that the tiny 
house can be used for office space during the day, if 
needed. If guests are invited, the folded bedroom 
creates extra space. Figures 5, 6 and 7 show the interior 
layout of the house.  

 

  Figure 5: House plan. The top plan shows folded mode, 
and the lower plan shows the unfolded mode. 

. 

Figure 6: Cross section of the house showing the different 
interior foldable facilities. 

 
Figure 7: The south elevation showing the hybrid Trombe 

wall and the green wall together with the skylight. 
 

 

4.3 Interviews and VR participatory workshop 
The interviews with expert designers were very 

informative in the design of the passive systems. 
Interviewees raised their concerns about how the eco-
cycle and passive systems function. The architects who 
were interviewed are considered specialists in green 
building design. One used the EAHE as a geothermal 
system for passive heating and one used the Trombe 
wall for passive heating. Thus, the shallow EAHE used in 
the Z free home was a new application for them as it is 
for passive heating, ventilation, and air purification. Was 
also new for the interviewees the use of Trombe wall, 
which is integrated with the green wall and used for 
heating, cooling, and air filtration. Some of the concerns 
raised for the passive systems were related to the mould 
formation in EAHE and the efficiency of the passive 
systems. The numerical calculations and the outcome of 
the simulation were used to support the discussion and 
show the expected efficiency of the passive and eco-
cycle systems. Only one expert architect had previously 
worked with eco-cycle systems, and he has tested many 
of the approaches proposed in the Z free home, such as 
the composting toilet. The rest of the architects shared 
doubts on how the waste management works and the 
efficiency of the systems for biogas production and the 
heating of water.  The outcome of the interviews was 
helpful to adjustment the design of the house. 

The participatory VR workshop with laymen 
participants representing potential homeowners was 
informative. The participants were able to understand 
the mechanism of operating the various passive systems 
using VR tools. For example, they gave their feedback on 
how easy or how difficult it was to open the green wall 
or the earth refrigerator. They were also able to provide 
feedback on the folded furniture and how they 
perceived the space in terms of size and functionality. 
The outcome of the workshop and feedback from the 
participants was helpful to adjust the design for the 
passive and the eco-cycle systems. Figures 8 & 9 show 
the VR experiment. 

 
 
 
 
 
 
 
 
 
 
 

Figure 8: Testing the Eco-cycle systems in VR- Photo credits 
MED 8 at Aalborg University. 

 
Figure 9: Testing the Hybrid Trombe wall and the green wall 

in VR. The left side shows a VR participant interacting from an 
in-room view. The right side shows the participant interacting 
inside VR.  
4.4 Simulation results  

The outcome of the building simulation for heating 
loads, cooling loads and energy production was useful to 
optimise the efficiency of the passive systems for the 
reduction of heating and cooling demands together with 
optimising active the renewable systems. Based on the 
simulation, the building requires approximately 13 
kWh/m2y of primary energy to cover the cooling demand 
and approximately 10 kWh/m2y of primary energy to 
cover the heating demand. Both values were calculated 
with the consideration of EAHE. Paired with the energy 
use intensity of approximately 73 kWh/m2y, the 
evaluated house satisfies the passive house standard. 
The skylight proved to be detrimental for the summer 
period, due to the significant overheating and visual 
glare problems it caused. However, the cooling and 
heating system fixed this problem, as demonstrated in 
figure 10. The total energy use for different house 
functionalities was 1467 kWh, while the electricity 
production from solar panels was 3452 kWh, which is 
more than the calculated energy consumption. 
Therefore, the house will perform as an energy positive 
house. The daylight factor was within the standard 
range, except in the zone under the skylight, as 
demonstrated in figure 11. The spatial disturbing glare 
simulation showed a significant number of views with 
intolerable glare as demonstrated in figure 12. Venetian 
blinds were installed to remove the glare in the most 
extreme cases. For the natural ventilation simulation, 
the EAHE was sufficient to provide the adequate air 
intake for fresh air needed given the small size of the 
house.  

 
Figure 10: Temperature distribution within the Z-free home 

on an hourly basis. 
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Figure 11: Daylight factor in the Z-free home. 

 
Figure 12: Spatial disturbing glare in the Z-free home on an 

annual basis. 
5 Discussion  

The Z free house as pilot for combining eco-cycle 
systems with passive means through circular design is a 
high gain project given all the challenges it is trying to 
overcome. From the phases finished so far, one can say 
that the design details for  passive and eco-cycle systems 
and aspects in the house are the main reason for its 
efficiency and performance to achieve the zero energy, 
zero emission, zero waste and zero carbon. The rest of 
the zeros will be verified after finalising the rest of the 
methodological phases. The involvement of architects 
and engineers was important to improve the design 
details and achieve better performance. The 
involvement of laymen users in the VR workshop gave 
more confidence for the design technicalities and use. 
Many concepts in the Z free house are not common in 
normal residential units, so it was important to employ a 
user-centred design approach.  The simulation phase as 
a design support tool was important to make several 
optimizations. For example, blinds was introduced over 
the skylight to reduce glare and overheating over 
summer. 

There are still challenges ahead, particularly in 
relation to fire proofing, water resistance and 
construction detailing.  Once the construction of the 
house is complete and the building envelope is tested, a 
complete life cycle assessment and life cost analysis will 
be conducted to review the final performance of the 
house and the pay back time. 

6 Conclusion 
This paper details the outcomes of the first two 

phases of the Z free home research project, showing the 
design and the different participatory approaches with 
expert interviews and VR workshops with laymen 
participants. The project is a high gain project as 
preliminary outcomes show that the house performs 
better than standard energy efficient residential 
buildings according to Swedish standards. Yet it is also a 
high-risk project, since the performance of passive and 
eco-cycle system in real life can differ than simulation. 
As this project is ongoing, it is still hard to conclude its 
final performance outcomes; however, the preliminary 
results are promising. The full-scale final proof of 
concept will demonstrate all final study outcomes and 
the real performance in the real climate in Lund, 
Sweden. 
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ABSTRACT: From the AChEE technical report published in 2012, to achieve thermal comfort and energy 
performance in educational buildings, this present research work aims to be an additional contribution to 
explore the potential of natural ventilation for indoor air quality in classroom during the winter season in Chile. 
The same classroom modeled in the AChEE report is used to evaluate through EnergyPlus simulations the impact 
of different natural ventilation strategies on the indoor temperatures and CO2 concentration. Results show the 
importance to consider the close association between thermal comfort and CO2 concentration level, especially 
for climates with extreme cold conditions in winter. Indoor air quality cannot be seen as an independent 
parameter to explore natural ventilation as an option for classroom air renovation in these colder situations. For 
Santiago it is possible to propose a periodic natural ventilation strategy with brief moments of window opening 
since CO2 concentration declines quickly and the local climate offers a propitious scenario in terms of wind 
availability and moderate temperatures during the winter season. For cities like Concepción and Punta Arenas, 
with more severe winter climate, this strategy would no longer be adequate. 
KEYWORDS: Natural ventilation, Thermal comfort, Indoor Air Quality, Educational building simulation. 
 
 

1. INTRODUCTION  
In 2012 the Chilean Agency for Energy Efficiency 

(AChEE, in Spanish) published a technical report to 
establish envelope project guidelines all over the 
country in order to achieve thermal comfort and 
energy performance in educational buildings [1]. It 
shows, through simulations, the importance of 
ventilation for comfort and thermal loads. Despite 
the concern with indoor air quality (IAQ), no 
contaminant modelling was included in the report 
and a constant ventilation rate was used for all 
cases, which implies a mechanical ventilation 
system. Thus, this work aims to contribute with this 
effort by exploring the potential of natural 
ventilation in a representative classroom to control 
CO2 concentration conditions for the academic 
calendar under the climatic conditions of different 
southern Chilean cities. This scenario presents an 
important challenge during the winter season: How 
and in which extent can we use natural ventilation 
to provide adequate fresh air conditions without 
cold draughts during teaching hours? 
 
2. INDOOR AIR CONDITIONS IN CLASSROOM 

A concern about IAQ for our children’s health 
and its impact on learning environment is not 
something new. Even before the pandemic situation 
imposed by COVID-19, there is evidence that 
reduced respiratory disease effects and reduced 
student absence are associated with increased fresh 
air supply rates and low CO2 concentration [2], even 

though adequate temperature and humidity 
conditions were observed [3]. For classroom spaces 
using natural ventilation, a CO2 concentration target 
level up to 1000 or 1500 ppm can be established as 
a daily average limit during the occupied period, 
considering the variability of wind driving forces [4]. 
However, some studies reported nearly 40% to 60% 
of the occupied time CO2 concentration exceeding 
1000ppm and occasionally reaching a maximum 
concentration of 3000 to 5000ppm, mainly in winter 
season [5 – 7]. 
 
2.1 Schools in Chile 

The AChEE report [1] highlights CO2 
concentration as the main internal contaminant in 
Chilean schools due to a high density occupation 
from students and moderate opportunities to use 
natural ventilation to improve air quality in many 
cities since an annual average wind speed of 2,0m/s 
is registered. Main suggestion is to use the stack 
effect in the winter season by high openings close 
to the ceiling.  

However, there is experimental measurement in 
schools during a regular academic year evidencing 
inadequate internal conditions in primary schools of 
Santiago and Punta Arenas with very low indoor 
temperatures during the winter season (70% of the 
time below 17°C) and CO2 concentration easily 
higher than 1000ppm during teaching hours [1, 9 -
10].  



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

792 793

 

3. SIMULATION METHOD FOR SCHOOLS 
The same classroom modeled in the AChEE 

report [1] is used to evaluate the impact of different 
natural ventilation strategies on the indoor 
temperatures and CO2 concentration. According to 
this report, a 54 m2 classroom is common for public 
school establishments in the Ministry of Education 
national plan. Thus, a representative model with 6 x 
9 x 3m dimensions with adiabatic walls except for 
the northern façade was considered. Such façade is 
a 200mm concrete wall with an external thermal 
insulation and a double glazing system for a window 
of WWR 34% (Figure 1). 

 
Figure 1:  
Classroom model used in EnergyPlus. 
 

 
 
Occupation period follows the academic 

calendar in Chile: 1st semester from 03/01 to 07/15 
and 2nd semester from 08/01 to 12/10. Classes, 
Monday to Friday from 8am to 4pm with an hour 
lunch break at 12am. Internal heat gain is due to 
artificial lighting system (11W/m2), electric 
equipment (6W/m2) and people considering 1 adult 
teacher (108W) and 45 children students (66W 
each), as it was modeled in the AChEE report [1]. 

The simulation software used is the latest 
version of EnergyPlus (V9.5.0). To model the CO2 
concentration in the classroom, the Zone 
Contaminant Source and Sink object was used, 
considering an external CO2 concentration of 
400ppm and an internal generation of 3,82∙10-8 
m3/s for each unit (in W) of metabolism. To model 
natural ventilation, the Zone Ventilation Object 
called Wind and Stack Open Area was used, this 
algorithm for natural ventilation considers both 
wind driven forces and thermal stack effect from 
climatic data. Weather files used for Santiago 
(33°South), Concepción (36°South) and Punta 
Arenas (53°South) are TMYx2004-2018 data [11]. 

Although thermal comfort depends on operative 
temperature, windows control is due to air 
temperature above 20°C considering that the mean 
radiant temperature can be lower than 20°C, due to 
heat losses in winter conditions. Even if there is 
evidence from Chilean students to adapt in a wide 
range of indoor temperatures [9], opening for 

natural ventilation is controlled by a narrower range 
of indoor temperatures (20°C – 25°C) in order to 
preserve children’s health and to guarantee a 
proper environment for concentration and learning. 
This same purpose is used to establish a CO2 
concentration limit of 1000ppm, since higher indoor 
concentrations of CO2 impairs attention span and 
increases concentration loss and tiredness. 

Preliminary simulation results with no 
ventilation strategy (only a 1,5 ACH infiltration), 
showed a daily average CO2 concentration of 
1800ppm and a peak CO2 value above 2200ppm 
every school day. Without any ventilation, a 
maximum of 15 students can be admitted in class in 
order to keep CO2 concentration under 1000ppm. 

Thus, three strategies (ST) for natural ventilation 
are explored for public schools of Chile: 
(ST1_Comf_Vent) Thermal comfort oriented natural 
ventilation where window opening is controlled 
automatically to preserve internal temperature 
between 20°C and 25°C; (ST2_ExtraBreak_Vent) 
ST1_Conf_Vent plus an extra ventilation mandatory 
for 15 minutes between classes (class break); 
(ST3_WindOrient_Vent) ST2_ExtraBreak_Vent but 
rotating the classroom to face the more frequent 
wind direction in winter, i.e. south for Santiago and 
Concepción and west for Punta Arenas. No HVAC is 
considered in any strategy. 

 
4. RESULTS 

Outputs from EnergyPlus simulations are 
analysed on a week base scale, mainly for 
temperature, wind conditions, ventilation rate and 
CO2 concentration for the winter season. 

To illustrate a common behaviour found from 
results, Figure 2 shows the third week of August in 
Santiago for the thermal comfort oriented 
ventilation (ST1_Comf_Vent). In these graphs, red 
series indicate outdoor conditions and blue series 
indicate conditions inside the classroom. 

From the first graph it is possible to observe that 
this ventilation strategy keeps the indoor 
temperature close to the lower level of thermal 
comfort (20°C). This is because internal heat 
increases indoor temperature above 20°C and then 
the window opens to let in the cold outside wind. 
This would be the maximum ventilation rate we can 
get when thermal comfort is the main priority. 
However, from the third graph it is possible to 
observe that this strategy is not enough to 
guarantee IAQ, since 4 out of 5 days in this week 
the internal CO2 concentration is above 1000ppm. 
Only on Wednesday all the academic period is 
below the CO2 concentration limit due to a 
combination of a more pleasant outdoor 
temperature and a higher wind speed, as it is 
highlighted in the green square. In total, this week 

 N 

 

showed a 63% of the occupied hours below 
1000ppm. 

Another common result found in most 
simulations is that the highest CO2 concentration 
levels occur on the first teaching hours of each day. 
Because it is the moment of the day with the lowest 
outdoor temperature, the window remains closed 
most of the time. 
 
Figure 2: 
Temperature, wind speed and CO2 conditions for comfort 
oriented ventilation ST1 in Santiago. 
 

 
 
Additionally, it was observed from this first 

ventilation strategy tested that it is not possible to 
establish a direct association between wind speed 
and ventilation rate (Figure 3). This correlation 
would be helpful to estimate the air renovation in a 
similar classroom from an outside anemometer 
data.  

 
Figure 3: 
Wind speed and ventilation rate for comfort oriented 
ventilation ST1 in Santiago. 
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The green series in Figure 3 shows the data for 
the same week as for Figure 2 and it can be 
observed a quite direct correlation between these 
two parameters. However, the week before (red 
series) shows no association and even higher 
ventilation rates can be observed for low wind 
speed. This is because the outdoor air temperature 
is closer to lower comfort limit (20°C) allowing the 
window to remain open for a longer period of time. 

Thus, it is not possible to establish a general 
simple rule for schools where “the more wind, the 
better ventilation”. When thermal comfort is a key 
aspect in the cold season, other parameters matter 
like outdoor and indoor air temperature and wind 
direction. 
 
4.1 Windows open during class break 

For the winter season, it is important to do a 
detail analysis to better understand the impact of 
natural ventilation on thermal comfort and indoor 
air quality in schools. 

Figure 4 shows the impact of ventilating for 15 
minutes between classes, by comparing the CO2 
concentration for ventilation strategies 
ST1_Comf_Vent and ST2_ExtraBreak_Vent. 

 
Figure 4: 
Percentage of occupied hours with CO2 above and below 
limit for ventilation strategies ST1 and ST2. 
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These results show how this brief period of 

window opening can significantly improve the IAQ 
in classrooms, especially in the coldest city (Punta 
Arenas) where a thermal comfort oriented 
ventilation strategy (ST1) keeps the window closed 
and lead to a 77% of the occupied hours with a CO2 
concentration above 1000ppm. In this case, ST2 
seems to invert the IAQ situation and shows an 
acceptable CO2 condition for 74% of the teaching 
hours in winter. 

However, this 15 minutes ventilation imposed 
before classes will let the cold outdoor air inside the 
classroom and reduce the indoor temperature 
despite the internal heat generated from people 
and equipment. This can lead to increase the 
discomfort sensation in students as it is shown in 
Figure 5. 
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As it was shown earlier in Figure 2, the comfort 
oriented ventilation strategy (ST1) keeps the indoor 
temperature slightly below the lower comfort limit 
and all these hours should compute as a cold 
condition and contribute to thermal discomfort. In 
order to better understand the thermal impact of 
the 15 minutes ventilation strategy, this result was 
subdivided in “Mild_Cold” sensation when 18°C ≤ 
Int_Temp < 20°C and “Cold” sensation when 
Int_Temp < 18°C. 

 
Figure 5:  
Percentage of thermal comfort during occupied hours for 
ventilation strategies ST1 and ST2. 
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Santiago is the only city where thermal comfort 

can be achieved for 8% of the class hours during the 
winter season without any heating system and the 
15 minutes ventilation strategy between classes 
doesn’t change very much this percentage. 
However, the thermal discomfort is accentuated by 
having almost half of the time with a cold condition 
inside the classroom. For Concepción and Punta 
Arenas, ST2_ExtraBreak_Vent significantly increases 
the cold situation in the classroom. In Punta Arenas 
this brief period of ventilation can lead to a very 
cold condition almost all winter, causing not only a 
thermal discomfort situation but probably serious 
respiratory disease and learning problems in 
students. 
 
4.2 Solar orientation versus wind orientation 

The base model presented in Figure 1 has the 
only window oriented to north. This is convenient 
for cold regions in the southern hemisphere to take 
advantage of the solar radiation to heat internal 
spaces.  But since the ventilation strategy during 
break times leads to the opening of the window for 
a short period of time it is interesting to explore if 
this strategy can be improved rotating the 
classroom and orienting the window to the most 
frequent wind direction in the winter period, i.e. 
facing south for Santiago and Concepción and west 
for Punta Arenas. 

Table 1 presents the percentage of occupied 
hours in August with the acceptable CO2 level 

(concentration below 1000ppm), comparing a solar 
oriented classroom (with higher solar heat gains) 
(ST2) and a wind oriented classroom (with a higher 
potential for ventilation rate) (ST3). 

For both orientations it can be observed a slight 
variation of percentage from week to week without 
a clear tendency or behaviour. This variation is 
expected since wind conditions can be very 
random. 

 
Table 1: 
Percentage of occupied hours in August with acceptable 
CO2 conditions for ventilation strategies ST2 and ST3.  

1st week 2dn week 3rd week 4th week

Solar Oriented 88,6 91,4 88,6 85,7
Wind Oriented 82,9 80,0 82,9 68,6
Solar Oriented 77,1 97,1 97,1 94,3
Wind Oriented 65,7 88,6 88,6 91,4
Solar Oriented 68,6 80,0 68,6 74,3
Wind Oriented 68,6 74,3 68,6 71,4

%

Santiago

Concepción

Punta Arenas
 

   
However, it can be seen from Table 1 a clear 

tendency to reduce the percentage of acceptable 
CO2 concentration when the classroom is rotated to 
chase the best wind condition. This aggravation in 
the IAQ of the classroom can be explained by a 
lower indoor temperature because less solar heat 
gain is admitted and the window remains closed for 
a longer period of time each week as it is shown in 
Table 2. 

 
Table 2: 
Total of time (in hours) of the occupied period with closed 
windows for ventilation strategies ST2 and ST3. 

1st week 2dn week 3rd week 4th week

Solar Oriented 1,0 2,0 1,0 1,0
Wind Oriented 3,0 4,0 3,0 5,0
Solar Oriented 3,0 0,0 0,0 1,0
Wind Oriented 4,0 4,0 3,0 3,0
Solar Oriented 10,0 7,0 10,0 8,0
Wind Oriented 10,0 9,0 10,0 10,0

Time [h]

Santiago

Concepción

Punta Arenas
 

 
4.3 Final diagnosis for comfort oriented ventilation 

 
Since strategies of opening for 15 min (ST2) and 

wind oriented ventilation (ST3) had degraded 
significantly the thermal comfort in winter and 
could expose students to extreme cold conditions, a 
more detailed analysis is performed in order to 
observe the scope of natural ventilation oriented 
for thermal comfort (ST1) can have to maintain 
acceptable CO2 conditions in the classroom. 

Figure 6 shows the frequency of occurrence for 
the CO2 concentration above the acceptable limit 
(1000ppm) for the three cities. It is evident that for 
climates with a moderated winter season, like 
Santiago and Concepción, a ventilation strategy 
oriented to preserve thermal comfort of students 
can present CO2 concentration levels slightly above 
the recommended limit (100 ~200 ppm). On the 

 

other hand, an extreme winter season as in Punta 
Arenas, presents an important challenge since 
indoor air temperatures are always below 20°C and 
CO2 concentration can frequently double the 
recommended limit.  

 
Figure 6: 
Frequency of occurrence for CO2 concentration above limit 
(ST1) 

100 200 300 400 500 600 700 800 900 1000 1100 1200
CO2 concentration above limit [ppm]
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5. CONCLUSION 

From the AChEE published in 2012, to achieve 
thermal comfort and energy performance in 
educational buildings, this research work aims to be 
an additional contribution to explore the potential 
of natural ventilation for indoor air quality in 
classroom during the winter season and thus, caring 
about learning and health of our young students in 
public schools. 

Observing results in general, it is important to 
highlight the close association between thermal 
comfort and CO2 concentration level, especially for 
climates with extreme cold conditions in winter. 
Indoor air quality cannot be seen as an independent 
parameter to explore natural ventilation as an 
option for classroom air renovation in these colder 
situations. This partial approach could lead to 
expose students to very cold conditions in class and 
undesirable cognitive and health consequences. 
From the tendency observed in ventilation 
strategies simulations, it is possible to propose for 
Santiago a periodic natural ventilation strategy with 
brief moments of window opening 
(ST2_ExtraBreak_Vent) since CO2 concentration 
declines quickly and the local climate offers a 
propitious scenario in terms of wind availability and 
moderate outdoor temperatures during the winter 
season. The city of Concepción has a similar climate 
condition as Santiago; however, 
ST2_ExtraBreak_Vent can cause an increase on 
discomfort cold hours. For Punta Arenas, with more 
severe winter climate, this strategy would no longer 
be adequate because it emphasizes the cold air 
condition inside the classroom and could, 
eventually, create learning and respiratory 
problems in students. For these colder climates, 

thermal comfort should be considered as a priority 
in the control of the window opening and privilege 
solar orientation for the architectural project. In 
these cases, indoor air quality should be treated as 
a concern for fresh air renovation rate as part of a 
HVAC system performance. 
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Visualising embodied carbon results for data lead design decisions 
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ABSTRACT: This paper reviews the effectiveness of methods of communication for embodied carbon in buildings. 
272 visualisations were extracted from 10 different LCA tools available to designers. The visualisations were 
categorised into goals for designers to focus the sample size. The groups of visualisations were presented to a 
group of senior architects to provide feedback on their understanding of the information. This feedback was used 
as a starting point to develop a dashboard and visualisation to ensure embodied carbon information about a 
project can be effectively communicated and understood to enable meaningful action. This paper is a contribution 
from a research project embedded in the production processes of an architecture design firm. 
KEYWORDS: Embodied Carbon, Designers, Data Visualisations, Life-cycle assessment 

 
1. INTRODUCTION 

Globally there is an increasing need to calculate 
and mitigate the carbon emissions from buildings. 
Many countries have committed to 2C of warming 
limit in the 2015 Paris Agreement[1]. In 2018, the 
IPCC suggested that it is critical to stay below a 1.5C 
limit [2]. To remain below these limits, it is essential 
to address emissions of carbon dioxide and other 
greenhouse gases that contribute to climate change. 
Globally, buildings contribute 39% of carbon dioxide 
emissions [3]. Of these emissions, 28% are reported 
as caused by operational carbon and 11% by 
embodied carbon [3]. With efforts to lower energy 
consumption and transition national grids to 
renewable sources, operational carbon emissions 
will reduce and likely lead to embodied carbon 
representing a much larger proportion of the carbon 
impact if left unaddressed [4].   

 
1.1 EMBODIED CARBON  

Embodied carbon is the emissions used to 
produce, construct, maintain, and deconstruct 
buildings. Embodied carbon is calculated as part of a 
Life Cycle Assessment (LCA), which reports on 
multiple environmental impacts from buildings. A 
LCA breaks down a building’s life cycle into modules 
that are outlined in EN15978 [5]. To simplify the 
process, data that is input into the LCA is sourced 
from Environmental Product Declarations (EPD) or 
databases that represent industry averages for 
common materials. Embodied carbon data is 
typically recorded as Global Warming Potential 
(GWP100) and considers emissions from fossil fuel 

consumption and biogenic carbon storage and 
emissions [6].  
 
1.2 THE NEED FOR VISUALISATIONS 

Whilst guidelines and templates for producing 
full LCA results exist, they are targeted at LCA experts 
[7], [8]. Currently there are no guidelines for the 
interpretation of LCA results that address a wider 
group of stakeholders [9], including designers who 
will use the results to inform decisions. The effect is 
LCA results are perceived as complex and difficult to 
interpret [10], [11]. To inform design decisions, it is 
critical that results from an LCA, including embodied 
carbon, are interpreted effectively[9]. Further, the 
format of the results must be understandable by 
multiple stakeholders to encourage interaction and 
collaboration in the exchange of relevant 
information [12]. For effective interpretation of 
results, visualisations can provide the necessary 
support to inform design decisions [9]. The use of 
visualisations to improve the interpretation of LCA 
results has been widely discussed in the literature 
[13]–[15]. Whilst visualisation is recognised as useful 
to support interpretation of the results, there is 
limited research developing the type of 
visualisations for building LCA results [9].  

As part of an LCA, a building’s carbon emissions 
are necessary to understand among all stakeholders 
interested in remaining within the 1.5C limit. 
Developing visualisations for building energy 
performance has been widely documented for 
decades [16], [17], in turn making the interpretation 
of operational carbon easier. Embodied carbon is an 
emerging area and has far fewer studies developing 

 

visualisations of the results. Of the studies that do 
exist, there is heavy emphasis on the EN15978 
modules through Sankey diagrams [18], [19], and the 
cost of embodied carbon through Marginal 
Abatement Cost Curves MACC [20]. Both approaches 
focus on singular visualisation styles and require 
specialist involvement. As a result, wider stakeholder 
involvement is excluded, making it difficult to use the 
results in decision making.  
 
2. METHOD 

The research for this paper has been undertaken 
in collaboration with an architectural practice in New 
Zealand and is targeted at using an academic 
understanding of the field to benefit real projects. 
The method consists of four parts. The first part 
defined the goals for key stakeholders at different 
design stages for embodied carbon (through LCA). 
The second part reviewed graphs for visualising 
embodied carbon from LCA tools against the goals to 
classify the different visualisation methods. In the 
third part architects were asked for feedback on the 
visualisations for their effectiveness in identifying 
carbon hotspots and interpretability to stakeholders. 
Finally, the fourth part developed a visualisation 
strategy for effective communication of embodied 
carbon.  
 
3. RESULTS 

This section is broken down into four parts to 
match the steps in the method section. It was 
identified that whilst the issue of communication 
effects a wide range of stakeholders, strategies for 
what works best will be different for each group. The 
research project that feed into this paper was in 
close contact with senior architects, who have 
provided feedback for effective communication of 
results that can lead to more data lead design 
decisions.  

 
3.1 GOALS FOR DESIGNERS  

The following is a list of key goals for designers to 
benefit from the interpretation of LCA results.  
1. Benchmarking 

Understanding the buildings results in context of 
benchmarks is important to scale the 
performance of the building. Gaining an 
understanding of scale is especially important if 
the building is aiming to meet a limit benchmark 
set by a regulatory authority or a target 
benchmark allowing it to gain certification for 
demonstrate high performance. Benchmarks 
like these will be part of project briefs and will 
be the first item to establish the project’s 
success at a high level.  

2. Building Element Contribution  
To focus a project team consisting of many 

consultants, understanding what part of the 
building is contributing the highest amount of 
embodied carbon is beneficial to focusing team 
meetings.  

3. Building Material Contribution 
Drawing attention to high embodied carbon 
building materials can allow a project team to 
begin to explore alternative lower carbon 
options.  

4. Comparative Study  
Evaluating the embodied carbon benefits of 
different options can help inform decisions at 
different scales from whole building 
composition, to different building element 
options, to alternative materials.  

5. Financial Cost of Carbon 
Value engineering is a frequent part of many 
design processes. Understanding the financial 
cost of carbon in context of a project can help 
stakeholders understand if the building is good 
value for money.  

6. Data Quality  
As an emerging area, not all projects have 
Environmental Product Declarations (EPD). Due 
to this generic data can be used to supplement 
data when none is available. Understanding 
how much supplementary data is required is 
useful to gauging the precision of the results.  

7. Emissions per Life Cycle Stage 
EN 15978 outlines several key stages in a 
buildings life cycle where embodied carbon 
emissions can occur. At a basic level, 
understand the difference between what 
emissions will be caused upfront or today verse 
future emissions during the use and end of life 
stages. For a design team being able to 
distinguish the difference allows them to track 
the success of different reduction strategies. 
For example, using low carbon materials 
compared to longer lasting materials.  
 

3.2 REPORTING EMBODIED CARBON 
3.2.1 Sample Size 

Currently there are many tools being realised 
rapidly. To explore a range of different visualisations 
for embodied carbon a sample of ten tools from 
three different producers was selected. The sample 
selected aimed to cover both early and detailed 
design LCA tools.   

Table 1: LCA tool sample size 
Producer Tool 
One Click LCA LCA for Green Star 
One Click LCA Life Cycle Carbon - Global 
One Click LCA Net Zero Carbon Tool 
One Click LCA Carbon Designer 
One Click LCA Revit Plug-in LCA tool 
One Click LCA LCA Planetary 
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Etool EtoolLCD 
BRANZ LCA Play 
BRANZ LCA Quick 

 
From the sample of tools a total of 272 data 

visualisations were extracted from the results of a 
LCA. Some of these tools had additional reporting 
features that couldn’t be accessed and it is 
recognised that the true number of visualisations 
available is larger. Across the sample size the 
visualisations came from 17 different graph types. 
Figure 1 illustrates the hierarchy of graph types 
present in the sample.  
 

 
Figure 1: Sample of graph types from LCA tools 

 
The initial overview of the sample of graph types 

shows that tables most commonly appear on result 
pages for LCA tools. While a table cannot be 
understood at a glance they were often present to 
precisely document the exact results calculated.  

Stacked bar and column graphs also appeared 
frequently as they have the benefit of being able to 
add a third string of information onto a graph. 
However, more information can require more time 
to interpret and make identifying any issues or 
opportunities from the results harder.  

 
3.2.2 Categorising graphs by goals 

All graphs presented in LCA tools were included 
in the sample size to show the range of information 
a designer would be presented with. Figure 2 shows 
the proportion of the graphs the related to the goals 
for designers outlined in section 3.1. Any graph that 
didn’t show information on carbon was excluded. 
Many graphs had a clear connection to the goal. In 
some cases, this was less clear and graphs were 
included to allow a designer to determine their 
effectiveness. For example, there were a range of 
graphs that presented the carbon equivalent version 
of the results. As this could be a form of benchmark 
through an attempt to scale the results, the graphs 
were categorised against that goal.  

 

 
Figure 2: Sample size categorised into goals 

 
Whilst there were a few graphs that represented 
multiple goals, most graphs only presented the goal 
against carbon emissions. For example, a bar graph 
showing the emissions from different life cycle 
stages. However, under each category there is a lot 
of diversity in the graph types used with no clear 
pattern or dominate type used.  
 
3.3 FEEDBACK FROM SENIOR ARCHITECTS  

To understand what graph was easiest to 
understand a sample of three senior architects 
within the practice were asked to complete a survey 

 

followed with a meeting to discuss their feedback. 
Figures 5-11 document their feedback across the 
different goals for designers. 

At a glance the results show the participants had 
mixed results in many of the goal categories. The 
only goals were there was 100% agreement was for 
the building element and material breakdown where 
they all voted for a 3D model. Out of a sample size of 
272 different graphs in the full sample only 2 were 
3D models. The 3D models have a colour projected 
only the building to highlight good (green) and bad 
(red) elements or materials. These graphs were only 
available in the Revit Plugin tool produced by One 
Click LCA.  

 
Figure 3: Benchmark against a carbon goal 
 

 
Figure 4: Analyse building elements 

 
Figure 5: Analyse building materials 

 
Figure 6: Analyse life cycle stages 

 

 
Figure 7: Analyse costs 

 
Figure 8: Gauge material data quality 

 

 
Figure 9: Compare different options 

 
3.3.1 Breaking down a building 

 There was 100% agreement by participants on 
how a building should be broken up in elements and 
how materials should be categorised. In most tools 
the list can be created by downloading the results 
and grouping data to conform to the list below. The 
only tool that produced the participant’s favourite 
building element breakdown was Carbon Designer, a 
tool by One Click LCA. The breakdown appeared only 
intermittently when the interim results were being 
review before being sent to the main tool platform. 
  

Table 2: Preferred breakdowns 
Building Element  Material Breakdown 
Foundation 
Cleanliness layer 
Ground Slabs 
Floor Slabs  
Columns 
Beams 
Load bearing internal walls 
Balconies  
Staircases 
Underground walls 
External walls  
Cladding  
Windows  
External doors 
Roof slab 
Roofs  
Internal Walls  
Floor Finishes  
Ceiling Finishes  

Material Type Example 
CLT  
LVL  
Precast Concrete 
In-situ Concrete 
Reinforcing Steel  
Membrane 
Glass 
Aluminium Mullion 
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3.4 DASHBOARD 
Based on the feedback from senior architects a 

proposed strategy for a communicating embodied 
carbon was developed (fig 12). Hierarchy has been 
given to the 3D model to connect the results back to 
the project specific conditions. If the dashboard was 
presented on an interactive digital platform the 
difference between building and material carbon 
intensity could be toggled in-between. 

Supporting information that provides detail 
about the results surrounds the 3D model to provide 
designers the opportunity to gain a deeper 
understanding. From discussions with the surveyed 
senior architects, being able to gauge at a glance 
what the key information is from each visualisation 
was critical. Having a clear and simple purpose per 
visualisation makes them easier to communicate to 
stakeholders who may have less knowledge of 
embodied carbon and how to make informed 
decisions from the information.  

 

 
Figure 12: Embodied Carbon Dashboard 

 
3.4 3D MODEL v DRAWING 

Beyond simply projecting the results through 
colour onto a 3D model in Revit the paper pursued 
the potential of this technique to become an 
architectural drawing. Figure 13 illustrates the 
potential to combine the coloured projection of the 
results from the One Click LCA Revit Plugin with the 
ability to easily create an exploded axonometric 
drawing in Revit. This visualisation serves the goal to 
analyse the results per building element. By 
exploding the different building elements, the 
embodied carbon performance of each element can 
be quickly understood.  

Exploding the diagram also allows design 
decisions to focus on a specific element, for example 
the substructure and foundations which are 
highlighted orange and red indicating a high carbon 
intensity in these elements. To further develop this 

diagram from being purely qualitative, a list with the 
quantities of carbon corresponding to each building 
element could be added. Doing so would also allow 
for other types of embodied carbon to be 
communicated, including biogenic carbon or 
recycled content in the selected building materials.  

 

 
Figure 13: Embodied carbon exploded 

axonometric drawing  
 
4. CONCLUSION 

The urgency for action to remain below the 1.5C 
of global warming limit is well recognised by many 
architects and stakeholder groups. As national grids 
turn towards renewable sources and low energy 
technologies become more readily available, the 
need to reduce embodied carbon emissions 
increases. Therefore, there is a high importance of 
making embodied carbon results understandable for 
decision makers during the design of buildings. This 
paper presents an overview of current visualisation 
techniques categorised against key goals to be used 
as a starting point.  

 

Unlike the design of products, most buildings are 
unique due to a combination of different variables 
including site conditions and brief requirements. This 
means that each design is approached differently 
with a diverse combination of stakeholders involved 
in decision making. Nevertheless, tasks requiring a 
design process are often repeated to form the 
backbone of architectural design services. An outline 
of the goals for embodied carbon along this process 
emphasised the need for visualisations to match the 
scale of decisions being made.  

The review of embodied carbon visualisations 
from 10 LCA tools identified the large number of 
visualisations that are competing for a designer’s 
attention. The terminology used within the 
visualisations were targeted at LCA experts with an 
understanding of the calculation method outlined in 
EN15978.  

The feedback from senior architects on the 
visualisation methods demonstrated the need for a 
visual connection back to the design. Distilling a 
project into graphs, whilst good for comparisons, can 
make the results difficult to understand. The 
feedback highlighted the success of visualisations 
that connected embodied carbon emissions with the 
project specific characteristics. Notably the most 
successful visualisations were coloured projections 
of results on a 3D model. These visualisations show 
the value of a qualitative element in the 
communication of quantitative information. For 
designers to make informed decisions the results 
from an LCA need to be understood quickly in a 
meaningful way.  
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ABSTRACT: This paper studies the effectiveness of natural stone as a thermal mass in two different climates: the 
Mediterranean and hot climates (Jerusalem, Riyadh) were taken as case studies. Stone was added to the 
conventional wall layers of a simple residential studio in the chosen zones of each climate. The simulation was 
performed using Design Builder software to assess the annual energy demand and the level of comfort in each 
case. The simulation has shown that using natural stone as a thermal mass has reduced energy demand in the 
Mediterranean climate by 7% and 9% in Hot climates. The indoor temperature increased in winter and decreased 
in summer in the two climatic regions. Results have shown that the best place and thickness of the natural stone 
in the wall in the Mediterranean and the Hot climates are at 20cm external layer (cladding). 
KEYWORDS: Building Envelope, Natural Stone, Indoor Environmental Quality (IEQ), thermal mass 
 

1. INTRODUCTION 
 

The world is facing tremendous challenges due 
to climate change which is changing the energy 
consumption patterns in buildings. The building 
envelope is what separates the indoor from the 
outdoor environments of a building, and has a 
significant role in moderating variations in the 
outdoor weather conditions (Mohamed etal. 2021; 
Mohammad and Shea,2013), where the heat 
transfer loss in building envelopes accounting 60%–
80% of the total heat transfer loss (Meng et al., 
2015). Hence, improving the performance of the 
building envelope can play a major role in 
optimising energy consumption in buildings. This 
paper studies the efficacy of natural stone as a 
thermal mass in three different climates: temperate 
(Mediterranean), hot and oceanic temperate 
(Jerusalem and  Riyadh ) were taken as case studies. 
Stone was added as cladding to the conventional 
wall layers of a simple residential studio in each 
climatic zone. The simulation was performed using 
Design Builder software to assess the annual energy 
consumption and the level of user internal comfort 
in each case. 
 
2. THERMAL MASS 

The use of thermal mass in the building 
envelope could provide a potential solution to the 
challenges of thermal comfort requirements and 
high energy consumption in cooling and heating.( 
Reilly& Kinnane,2017) Thermal mass is the ability of 

a material to absorb and store heat energy. 
(GreenSpec, 2004). The envelope with thermal mass 
needs to absorb a lot of heat energy before the 
temperature on the surface of the envelope 
changes (Nowoświat and Pokorska-Silva, 2017). The 
larger the thermal mass, the more heat energy can 
be stored during off-peak periods and partly 
recovered during peak periods (Johra et al., 2019). 
A high thermal mass material is not generally a 
good thermal insulator (YourHome, 2013). 
Therefore, the appropriate use of thermal mass 
throughout the building envelope can reduce 
energy usage in residential buildings by maintaining 
a comfortable internal temperature (Reilly and 
Kinnane, 2017).  

Thermal mass reduces the energy usage in 
residential buildings by sustaining a comfortable 
internal temperature with no heating or cooling in 
certain climatic conditions and to minimize energy 
demand and create a sustainable future thermal 
mass in buildings needs to be utilized (Katherine et 
al., 2007) and create a 40% savings in total cooling 
costs in certain areas Braun et al (2001). 

Thermal mass if used well, can cut down and 
delay peak temperature during daytime, which will 
result in a significant reduction in the size of the 
cooling system, and during night hours, high 
thermal mass will absorb and store enough ‘‘cooling 
energy’’, which will slow down the heating process 
during the day Cheng et al. (2005). The construction 
materials of high thermal mass significantly keep 
the indoor environment within the human thermal 

 

comfort zone, especially during summer. Thus, the 
energy required for maintaining the thermal 
comfort of the room is greatly reduced (Sharaf et 
al., 2020). The type and location of the thermal 
mass in the building envelope and its relation with 
the other components of it define its performance 
and impact on the indoor building environment.  

 
 Natural stone and marble are considered one of 

the main materials employed in the building and 
construction sector (Abu Hanieh et al., 2013). As 
natural stone is a material with high energy 
efficiency (Kumar, 2015) natural stone application 
has been considered traditionally as low energy 
demanding materials (Ozkahraman and Bolatturk, 
2006). Natural stone has thermal mass; it can 
absorb, store, and release the sun’s heat energy 
(“Natural Stone| Vesta Marble and Granite,” 2020). 
Moreover, the stone and marble industry is one of 
the main economic resources in most of the Middle 
Eastern and Mediterranean countries, especially in 
Palestine (The International Trade Centre (ITC), 
2018). This sector contributes widely to the local 
production, exports and employment capacity (Abu 
Hanieh et al., 2013). According to the Palestinian 
Central Bureau of Statistics (PCBS), it is one of 
Palestine's top exporting industries, with exports 
reaching $214m in value in 2017, accounting for 20 
percent of all Palestinian exports (Ihsheish and 
Falah, 2018). 
 
3. METHOD 

Using DesignBuilder software a model of a 
simple residential studio (8*10 m) with 3 m height 
has been simulated in two different climates: 
Jerusalem in Palestine as a Mediterranean climate 
zone and Riyadh, Saudi Arabia as a Hot Desert 
climate (Figure 1). The base case models were 
developed using the conventional building materials 
and methods in each case. The characteristics of the 
external walls (base case) in Jerusalem and Riyadh 
are presented in tables 1 and 2 respectively.   
 
Figure 1:  
Studio floor plan 

 
 

The conventional wall layers in each climatic zone 
have been tested and recorded as  Base-Cases and 
the suggested scenarios were compared to them 

For each case, two simulations were performed 
in which the first the HVAC was off (to compare the 
internal temperature) then the HVAC was on to 
compare the energy demand for each case. The 
results have been tested in typical summer and 
winter weeks. 

 
Table 1: External wall thermal characteristics 

used in Jerusalem (Base case) 

 Stone 
5cm 

Concrete 
13 cm 

Polyureth
ane  
3cm 

Concrete 
blocks 
7cm 

Plaster 
2cm 

Conductivi-
ty(W/mK) 

1.1 1.0 0.038 0.7 0.25 

Density 
(kg/m3) 

2500 2000 15 1400 1500 

Specific 
heat 
capacity 
(kJ/kg.K) 

0.84 0.75 1.1 0.8 0.9 

U value 
(W/m2K) 

0.8 

 

Table 2: External wall thermal characteristics 

used in Riyadh (Base case) 

 Plaster 
1.5cm 

Polystyrene 
9 cm 

Concrete 
blocks 
20 cm 

Plaster 
1.5cm 

Conductivi-ty 
 

0.25 0.038 0.7 0.25 

Density (kg/m3) 1500 15 1400 1500 

Specific heat 
capacity 
(kJ/kg.K) 

0.9 1.1 0.75 0.9 

U value (W/m2k) 0.36 

The thermal mass for each scenario in both 
cases was calculated. The different scenarios and 
thermal mass for each exterior wall are seen in 
tables  3 and 4. Palestinian stone was used in 
different thicknesses as internal or external 
cladding. 

Table 3: External wall thermal mass for each 

scenario for Jerusalem case 

Stone 
thickness 

Inner Outer  Thermal mass (J/m2K) of 
the external walls 

5cm (base 
case) 

 * 246.5 

10 cm  * 288 
15 cm  * 330 
20 cm  * 375.5 
10 cm  * 292 
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with air 
gap 
10 cm  *  330 
15 cm *  372.5 

Table 3: External wall thermal mass for each 

scenario for Riyadh case 

 
Stone 
thickness 

Inner Outer  Thermal mass (J/m2K) of 
the external walls 

1.5 cm 
morter 
(base 
case) 

 * 252 

10 cm  * 336.7 
15 cm  * 546.7 
20 cm  * 651.7 
10 cm 
with air 
gap 

 * 239.2 

10 cm  *  336.7 
15 cm *  546.7 

 
 
4. RESULTS  
Figure 2 shows the indoor temperature as the 
results of the simulations for the different scenarios 
in Jerusalem Case. The results show that using 
thermal mass can decrease the indoor thermal 
temperature by almost one degree compared to the 
conventional wall section (conventional method) 
during summer. It is also clear from Figure 6 that 
there is no big discrepancy between the cases when 
using stone with a thickness that is equal to or more 
than 10 cm either internally or externally so that 
the indoor temperature reached almost 27.5 ºC, 
except for the cases 10 cm of inner stone and 10 cm 
of outer stone which were slightly higher. Using the 
thermal mass increased the indoor temperature 
during winter in all the cases by 1- 1,5 degrees. The 
best cases during winter were 20 cm of external 
stone or 10 cm with an air gap which reached an 
increase of 1.5 degrees. Using this type of cladding 
can decrease the energy demand by around 7%. 
Figure 2:  
Indoor temperature (Cº) in the different scenarios in 
Jerusalem 

 

Figure 3 shows the indoor temperature as the 
results of simulation for the different scenarios in 
the Riyadh Case. The results show that using 
thermal mass can decrease the indoor thermal 
temperature by 1- 1.8 degrees Celsius in summer 
compared to the conventional wall section. It is also 
clear from Figure 3 that adding thermal mass has 
increased the indoor temperature by 2.5- 2.8 
degrees Celsius during winter. There is no big 
discrepancy between the cases when using stone as 
cladding. The highest indoor temperature was when 
20 cm of stone was added as external cladding. 
Using this type of cladding can decrease the energy 
demand by 9%. 
 
Figure 3:  
Indoor temperature (Cº) in the different scenarios 

 
5. Discussion  
Based on consumption during January 2020, energy 
consumption in Palestine varies between 285 kWh 
in Gaza to 482 kWh in the central West Bank 
(PCBS,2021). The residential sector was responsible 
for 45 % of Energy use in the Middle East in 2018  
(MEETMED, 2020). Lack of electricity and the high 
cost of imported electric power are the main factors 
in the low Palestinian consumption of electric 
power. many households living in fuel poverty, 
cannot afford their heating bills because their 
homes have no or poor insulation (Al Qadi, et.al, 
2018).  On the other hand, the demand for cooling 
energy is increasing due to climate change, increase 
of the users’ expectations and extreme climatic 
conditions in the Middle East (Namdar et. al, 2021). 
It is becoming today of utmost importance to think 
of alternative methods and tools to retrofit existing 
building stocks to be able to reduce energy use in 
buildings (Mona, 2021; Al Qadi, et al,2022). The 
only way forward is to keep on running more 
simulations through an iterative approach of 
optimisation and then run more simulations (Al 
Qadi et al, 2021). It is only through several times of 
iterations, calibrations, sensitivity analysis and 
optimisation that new knowledge is created. It is 
only through this iterative process of optimisation 

 

that we have confidence in the information created 
and closing the loop and communicating the results 
with a higher percentage of confidence.  
 
 
6. CONCLUSION 
Modelling and computer simulation have shown 
that using Palestinian natural stone as a thermal 
mass will reduce energy demand in the 
Mediterranean climate by 7% and by 9% in Hot 
climate. Indoor temperature will increase in winter 
in the Mediterranean climates by 1◦C and 2.3◦C in 
Hot climates. While in summer it will decrease by 
1◦C in the Mediterranean climate, by 1.5 ◦C in Hot 
climate. Results have shown that the best place and 
thickness of the natural stone in the wall in the 
Mediterranean climate is 20cm external layer and 
for the hot climate 15cm inner layer. 
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ABSTRACT: There is substantial knowledge on the thermal potential of the courtyards in microclimate amelioration in 
arid and Mediterranean climates. However, in tropical regions, studies on that are still scarce and strongly required, 
especially in South America. This study aims to evaluate the seasonal cooling/ heating effects provided by courtyards 
with different morphologies in a tropical region. It was conducted in two buildings, located in the mid-western region 
of Brazil, with different aspect ratio (height/width). Shading and insolation indices were compared to the courtyard 
thermal performance evaluated by the thermal gap between outdoor and courtyard air temperature monitored 
during hot-dry and hot-wet seasons. The cases studied indicated that a courtyard with a low aspect ratio is only able 
to provide cooling effect during nighttime. In turn, courtyards with high aspect ratios, due to the lower average 
insolation received and higher shading provided by its inner envelope, can be advantageous during daytime. In 
seasonal terms, a courtyard with a low aspect ratio provides more beneficial cooling effects during the hot-dry period 
during nighttime. On the other hand, the courtyard with a high aspect ratio provides a cooling effect during the 
whole year, with marked thermal attenuation during the hot-wet season.  
KEYWORDS: Urban Climate, Thermal Gap, Microclimate Impact, Thermal Performance. 
 
 

1. INTRODUCTION  
Extreme temperatures are becoming more frequent 

in both cold and hot climate zones due to climate 
change [1], which reinforce the need to pay more 
attention to the urban microclimate. Outdoor urban 
environments are affected not only by the regional and 
local climate components but also by urban form and 
building density. The latter can be linked to urban 
architectural design which influences microclimate due 
to urban geometry, textures, and layout/ geometry of 
buildings, streets, and squares [2]. In this regard, due to 
its capacity to act as buffer space outside buildings, the 
transitional space provided by the courtyard as an 
architectural element has been indicated as a passive 
design strategy as it acts as a "microclimate modifier" 
due to its ability to provide milder environments [3].  

The courtyard is characterized by an open space, 
delimited by buildings on its perimeter that provides a 
transition space between indoors and outdoors. It 
provides ventilation, daylighting, and shading to the 
surrounding environments and can perform several 
functions in the built environment, such as acting as a 
space for socialization and leisure [4]. The scientific 
literature indicates that this architectural strategy is 
capable to regulate its thermal exchanges with the 
outside environment through proper design, which is 

achieved by considering the environmental exposure 
factors such as solar access, shading, wind permeability, 
building orientation, layout/configuration, 
shape/aspect ratio, building materials, among others 
[5]. 

In addition, the void created in the urban fabric by 
the use of courtyard morphology reduces the city built-
up area, which is particularly important in warm 
climates, such as those located in tropical regions. As a 
result, courtyards have been suggested to be a 
mitigation strategy against the effects of the urban heat 
island phenomenon, due to the more favourable 
microclimate generated in their interior, with the 
potential to mitigate the effects of global warming [6]. 
According to Diz-Mellado et al. [7], the higher the 
external temperatures, the better thermal regulators 
courtyards become, achieving a temperature difference 
with the outside of over 17 °C on very hot days in warm 
cities. 

The cooling effect provided by this vernacular 
architecture has been quantified in diverse climate 
zones worldwide, ranging from hot arid [5], 
Mediterranean [7], tropical [8], to colder European 
climates [9], through fields measurement and thermal 
simulations. These studies state that physical aspects of 
courtyards such as layout, orientation, and aspect ratio 



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

808 809

 

(AR, a ratio between the height and width of the inner 
courtyards), among others, are key factors that affect 
the effectiveness of a courtyard to provide cooling 
effects. In turn, the climate-tempering ability of the 
courtyards is usually investigated in specific periods of 
the year, frequently during summer-time conditions. 
Few studies have yet attempted to analyse the seasonal 
effectiveness of the courtyard in microclimate 
amelioration [8,10,11], particularly through field 
measurements. 

Taking into consideration the fact that courtyards in 
tropical areas should optimally promote shading and 
ventilation to their users [4], the present paper 
evaluates cooling/ heating effects provided by two 
courtyards with different aspect ratios located in a 
central region of Brazil, with marked under hot-dry and 
hot-wet seasons. 
 
2. MATERIALS AND METHOD 
2.1 Study Location 

The study was carried out in two buildings located in 
a mid-sized city, with tropical savannah climate 
(Köppen’s Aw). Local climate is characterized by a hot 
and humid season, between October and April), and a 
hot and dry season, between May and September [12]. 

Both buildings are located in Cuiabá city, capital of 
Mato Grosso/ Brazil. The first one is in the downtown 
area (at 15°36'31.07"S, 56° 6'12.79"W), built in the 
early 19th century, featuring neoclassical style with 
two-storey buildings in the perimeter and two 
rectangular courtyards oriented according to a NE-SW 
axis. Courtyard dimensions are 13.7m x 10m with a 
mean height of 11.8m, which yields an aspect ratio AR= 
1.14 (Fig. 1a). The second courtyard is located in the 
south-eastern region of the city (at 15°35'53.13"S, 56° 
5'46.95"W), with a single storeyed building in the 
perimeter, and built in 1831, with its architecture 
designed following a historic eclectic style and having 
an almost square shallow central courtyard aligned to a 
NE-SW axis, with dimensions of 75.2m x 64.3m and a 
mean height of 7.0m, yielding an aspect ratio AR= 0.11 
(Fig. 1b). 
 

  
 (a)                                                 (b) 

Figure 1: 
Illustration of the courtyards at (a) city centre [13] and (b) 
south-eastern region [14].  

 
 

The study is justified considering the function of 
courtyards of regulating thermal behaviour [15], with 
heat drain and heat source possibilities. The first 
condition is observed in intermediate and narrow 
courtyards (AR>1.0), where walls and ground surfaces 
of well-shaded courtyards are often at a lower 
temperature than outside, except at times when solar 
angles are elevated, and the courtyard is exposed to 
solar radiation. The second condition can be observed 
in shallow courtyards with low aspect ratios (AR<0.3) as 
enclosing walls and ground surface accumulate heat 
when exposed to the sun, leading to increased air 
temperatures compared to outside during daytime. 
 
2.2 Monitoring Campaigns 

Monitoring in the courtyards was from June 2019 to 
May 2020, during the hot-dry and the hot-humid 
periods, which allowed us to characterize and quantify 
their cooling potential. Air temperatures were recorded 
inside the courtyard using sensors properly calibrated 
and solar-shielded and located in the centre of each 
courtyard. “Outdoor” temperatures and wind velocity 
were also recorded by a meteorological station located 
at the rooftop of enclosing buildings (Fig. 2). 
 

     
(a)                                                 (b) 

Figure 2:  
Sensors location inside the courtyard and at the rooftop of the 
buildings with (a) AR =1.18 and (b) AR=0.11.  
 
2.3 Data Analysis of courtyards 

Shading and Insolation indices were used to 
represent the courtyards’ performance. The first index 
represents the average percentage of the total 
courtyard’s surface area that is shaded (ranging 
between 0-1), and the second index gives the average 
level of insolation (calculated considering direct and 
diffuse radiation) received by the 3D surface area 
(surrounding walls and ground surface) exposed to the 
sun inside the courtyard, measured in Wh/m2. The 
Ecotect Analysis software [16] was utilized to simulate 
and obtain a quantitative measure of shading and 
insolation on the 3D surfaces area of each courtyard 
(Fig. 3).  
 

 

 
(a)                                                  (b) 

Figure 3:  
Simplified 3D model of courtyards with (a) AR=1.18 and (b) 
AR=0.11  (Font: Ecotect Software building modelling) 
 

The percentage of shading on the four inner façades 
and ground surface was estimated for the time frame 
from 6 am to 6 pm. The average hourly shading index 
for the 3D surface area inside the courtyard was 
calculated using Equation (1): 

𝐈𝐈𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 =
∑ (𝐀𝐀𝐀𝐀𝐢𝐢∙𝐧𝐧
𝐢𝐢=𝟏𝟏 𝐇𝐇𝐇𝐇𝐀𝐀𝐢𝐢)

∑ 𝐀𝐀𝐀𝐀𝐢𝐢𝐧𝐧
𝟏𝟏

        (1) 

where ASi - area of each surface i of the courtyard; 
             HPSi - hourly percentage of shadow on that 
surface. 
 

The incident solar radiation received by each 
surface (Wh/m2) weighted by the percentage of the 
courtyard surface area hit by radiation was utilized to 
measure the average hourly insolation index received 
by the courtyard as a whole, according to Equation (2): 

𝐈𝐈𝐢𝐢𝐬𝐬𝐢𝐢𝐢𝐢𝐬𝐬𝐢𝐢𝐢𝐢𝐢𝐢𝐧𝐧 =
∑ (𝐀𝐀𝐒𝐒𝐈𝐈𝐢𝐢∙𝐧𝐧
𝐢𝐢=𝟏𝟏 𝐇𝐇𝐇𝐇𝐒𝐒𝐀𝐀𝐢𝐢∙𝐀𝐀𝐀𝐀𝐢𝐢)

∑ 𝐀𝐀𝐀𝐀𝐢𝐢𝐧𝐧
𝟏𝟏

        (2) 

where SRIi - solar radiation intensity on each surface i of 
the courtyard; 
             HPRSi - hourly percentage area of solar radiation 
received by surfaces i of the courtyard;  
             ASi - area of surface i of the courtyard. 
The daily shading and insolation indices were later 
computed as monthly average values. 
 
2.4 Passive Cooling/ Heating indexes  

The thermal gradient (T) or gap between outdoor 
(OT) and courtyard air temperature (CT) for any time of 
the day was evaluated according to Equation (1): 

T = OT- CT        (1) 

The positive and negative temperature differences 
represent cooling and heat effect, respectively, inside 
the courtyard. 

The thermal difference was evaluated by the cooling 
and heating effects inside the courtyards. These values 
were later calculated as monthly averages, giving an 
indicator that represents the monthly thermal cooling 
and heating effect of each courtyard.  

3. RESULTS AND DISCUSSION 
The annual course of the average monthly Iinsolation 

and Ishade indices in the inner envelope of courtyards 
throughout the year can be visualized in Figure 4. When 
the solar angle is lowest (winter solstice), it is possible 
to notice that the insolation intensities in the 
courtyards are at lower levels with a higher level of 
shading. However, for higher solar angles (from the 
spring equinox to summer solstice), a rise in the Iinsolation 
and a corresponding reduction in the Ishade are 
observed.  

The Iinsolation indicated that insolation intensities are 
more pronounced in the wide-open courtyard 
(AR=0.11) than in the more constrained one (AR=1.16). 
The Ishade has the opposite behaviour in relation to 
Iinsolation for both courtyards. As a consequence, the 
insolation intensities are on average 168% higher and 
shading protection 38% lower in the courtyard with the 
low aspect ratio (AR=0.11). Notice that Iinsolation and Ishade 
are maximum and minimum, respectively, during the 
wet season (from October to April) which can reduce 
even more the courtyards’ thermal performance during 
this period. 
 

 
Figure 4:  
Monthly average shading and insolation indices of both 
courtyards. 
 

November exemplifies the typical behaviour of the 
air temperature in both courtyards for a period with the 
highest level of insolation and lowest shading provided 
by the envelopes of the courtyards (Figure 5). It is 
possible to notice that the cooling and heating trends 
are not the same in the two courtyards. Cooling occurs 
when thermal conditions in the courtyard are milder 
than concurrent conditions measured at the rooftop 
weather station, while heating is characterized by the 
opposite behaviour. The overheating inside courtyards 
has been reported in other studies and regions [17,18], 
with the form factor attributed as the main 
performance parameter, since it controls solar radiation 
and shading throughout the day 
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In the courtyard with a high aspect ratio (AR=1.16), 
the heating effect is only noticed when solar angles can 
reach the inner envelope of the courtyard (in the 
narrow window between 10 am to about 1 pm) and 
during night-time, when radiative losses to the sky are 
reduced due to the outgoing long-wave radiation 
trapping, resulted from the more obstructed sky dome 
(Fig. 5a). In these cases, the difference between 
courtyard and rooftop temperature (T) is on average -
0.5°C, with a peak value of -0.7°C. Outside these hours, 
the courtyard is capable to block direct solar radiation 
gains during most of the day. T analysis indicates a 
slight passive cooling effect inside the courtyard with 
average values of +0.3°C and a peak of +0.7°C. 

In turn, the courtyard with low aspect ratio 
(AR=0.11) has a higher solar exposure throughout the 
day that leads to increased solar heat gains, raising air 
temperatures (Fig. 5b). The overheating effect is on 
average -1.4°C and peak value of -2.5°C. This condition 
is only modified in the late afternoon when direct solar 
gains decrease and shading takes place in the 
courtyard, providing a cooling effect. The courtyard 
remains 0.4°C cooler than at the rooftop station during 
nighttime with a peak value of 1.3°C due to its 
unconstrained environment expressed by its high sky 
view factor, which allows radiative losses to the sky. 

 
Figure 5:  
Monthly average daily course of courtyard and rooftop air 
temperature during monitoring in November 2019. 

The tempering effect observed in both courtyards is 
consistent with those simulated by Rojas et al. [15] 
using a CFD model of courtyards with simplified shapes, 
i.e., courtyard with a high aspect ratio (AR=1.16) acting 
as a heat drain while the one with a low aspect ratio 
(AR=0.11) would act as a heat source due to its 
unshaded walls and ground surface. The average and 
maximum values quantified in the tropical region are 
quite lower than those observed in the Mediterranean 
where passive cooling is more substantial, with average 
attenuation of 4.4 °C in courtyards with similar 
morphologies [3]. This might be associated with the 
nocturnal radiative cooling resulting from the 
difference between atmospheric and terrestrial 
longwave radiation, which is more pronounced in the 
Mediterranean region than in the tropical region [4].  

The average monthly cooling/heating effect 
evaluated considering the typical behaviour previously 
described is shown in Figure 6 and Table 1. Due to its 
capacity of providing shade and controlling isolation, 
the courtyard with a high aspect ratio is capable of 
moderating outside temperature, providing a steady 
cooling effect throughout the year, with a slight 
increase in the wet season (October to April) compared 
to the dry season (May to September). The tempering 
capacity is more pronounced during the wet season, 
despite the reduction in the Ishade and the raise in the 
Iinsolation. In turn, the heating effect verified during 
nighttime and for periods with high solar angles during 
daytime shows little change throughout seasons. 

 
Table 1:  
Average cooling and heating effect quantified for the 
courtyards in the seasons. 
Aspect Ratio AR=0.11 AR=1.16 

Season Cooling Heating Cooling Heating 

Hot-dry 0,88 -0,28 0,63 -0,73 
Hot-wet 0,38 -0,74 0,70 -0,58 

 
On the other hand, the courtyard with a low aspect 

ratio presents a different pattern as it tends to 
accumulate heat when exposed to the sun, becoming a 
heat source during daytime. A heating effect is most 
pronounced during the wet season In July and August, 
the heating effect is almost null, as these months are 
characterized by a hot-dry period and have frequent 
cold fronts that can make the courtyard cooler than the 
outside environment [4].  

To further explain the patterns observed in both 
courtyards in the interplay between shading and 
insolation, humidity certainly plays a role. During the 
dry season, the lower insolation and higher shading 
help to balance the input energy fluxes, mainly driven 

 

by the solar radiation, reducing the sensible fluxes 
exchanges and heat stored inside the courtyards' inner 
envelopes due to the lower temperature than outside. 
As a result, the climate-responsive capacity of this 
strategy is enhanced, raising the cooling effect in the 
courtyard with a high aspect ratio and reducing the 
heating effect in those with a low aspect ratio.  

During the wet season, despite the rise in insolation 
and reduction in shading, the progressive rise in latent 
heat fluxes exchanges inside the courtyard due to 
rainfall intensification in the region from November to 
February helps counterbalance the sensible fluxes 
exchanges while the water availability in the 
construction materials reduces the heat stored inside 
the mass of the courtyard walls [19]. Notice that in this 
period, the cooling effect in the courtyard with a high 
aspect ratio is the highest during daytime and the 
heating effect is reduced mainly in the night period. In 
turn, the rainfall elevation in the region from November 
reduces the heating effect in daytime although it also 
reduces the cooling effect during nighttime inside the 
courtyard with low aspect ratio. 
 

 
Figure 6:  
(a) Average monthly shading index and (b) average monthly 
cooling/ heating effect quantified in each courtyard. 
 

Based on the results we can state that the main 
disadvantage of applying the courtyard strategy in 
building design in the tropics is concerning the heating 
effect. Because of the morphological characteristics of 
the courtyard with higher AR, with a more restricted 
possibility to warm up the inner envelope and similar 
restrictions to dissipate the long-wave radiation, the 
heating effect is little impacted by the solar position. In 
contrast, due to its inability to control incoming solar 
radiation and provide shading, aggravation in 
overheating is observed in the shallow courtyard for 
higher solar angles and the opposite is verified when 
the sun is more declined to the northern hemisphere, 
i.e., with overheating attenuation. Therefore, an 
adequate thermal study must be conducted to define 
the courtyard’s proportions during the design phase. 

4. CONCLUSION 
The findings confirm the thermal benefits of 

courtyards since these architectural resources provide a 
passive cooling effect in tropical regions. The interplay 
between shading and insolation plays a role in the 
courtyards’ thermal performance. The aspect ratio 
factor (the proportion between height and width) is a 
key factor to be considered in the design phase as well 
as the building function and usage condition. 

Deep courtyards are recommended where the 
primary use is during daytime, especially those with 
commercial and institutional function, due to their 
capacity to block solar radiation and to provide shading 
during most of the day, resulting in a cooling effect in 
these transition spaces. However, due to the long-wave 
radiation trapping and the heat stored inside the mass 
of the courtyard walls, overheating is observed at 
nighttime, which could hinder its use during the night, 
and also affect the thermal performance of the 
surrounding indoor environments of the enclosing 
building. Commercial and institutional buildings are 
usually not in use during the night, however, in the case 
of residential buildings, it is suggested that a thermal-
energy performance analysis is carried out in order to 
decide the feasibility of using this transition space. 

Shallow courtyards should have their usage 
preferably set for the late afternoon and during 
nighttime, due to the cooling effect observed in these 
environments. The lack of protection against solar 
radiation makes these courtyards excessively 
overheated during daytime. Unless complementary 
strategies are designed for such as vegetated niches, 
shaded areas among others, the shallow courtyard 
design should be avoided due to the high levels of 
radiation present in the tropics. Despite that, at night, 
the cooling effect observed in the field measurements 
points to a favourable thermal performance of the 
adjacent environments, therefore becoming interesting 
solutions for residential buildings. 

In seasonal terms, the courtyard with a high aspect 
ratio can provide a cooling effect during the whole year, 
especially during the hot-wet season where attenuation 
reaches its peak and the heating effect is reduced by its 
minimal. In turn, the courtyard with a low aspect ratio 
is more beneficial in the hot-dry season since the 
cooling effect, only observed during nighttime, is 
greater in this period and the heating effect during 
daytime is reduced to minimal intensities inside the 
inner envelope. 
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The thermal performance of Lacaton & Vassal’s winter 
gardens 

Revisiting three case studies 
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ABSTRACT: For the past 30 years, Lacaton & Vassal have been working with winter gardens and greenhouses, 
inserting a new type of space in buildings, as a mean for climate control and adaptability. Their articulation and 
technical specifications have been improved and systematised across the years. This research project in 
collaboration with the architects seeks a precise understanding of the winter gardens’ behaviour to further 
improve and adapt them. It shows that the winter gardens are as smart passive systems that can save energy, 
create more enjoyable spaces that are bright, adaptable, and comfortable across the seasons and ultimately, 
they provide well-being and joy to their occupants. Conclusions are drawn from information provided by the 
architects, interviews, observations, temperature monitoring, and environmental simulations. 
KEYWORDS: Lacaton & Vassal, winter gardens, environmental transformations, low energy housing 
 

1. INTRODUCTION  
Winter gardens and conservatories have been 

relegated from the environmental design agenda, 
as configurations did not seem to bring much 
benefit to the parent building, and they presented a 
higher risk in summer than a benefit in winter. 
Nowadays, massive amounts of insulation seem to 
be the only way to improve the thermal 
performance of a building. 

However, for the past 30 years, the French 
practice Lacaton & Vassal have been working with 
winter gardens and greenhouses in a novel way, 
inserting a new type of space in buildings, whether 
residential, office or else, as a mean for climate 
control, free space and adaptability. They have 
appropriated the technology of agricultural 
greenhouses, engineered to work with the sun, 
wind and light, and of which indoor conditions are 
controlled with the use of geotextiles, adapted 
structures and nets. They have domesticated these 
elements to work with climate in human-occupied 
buildings. Their residential schemes spread across 
France, but new projects are being built in 
Switzerland and Germany. 

The work of Lacaton & Vassal is particularly 
relevant for their strong philosophy and influence in 
the international architectural scene: their oeuvre is 
published worldwide (1,2,3), they teach in leading 
schools and were recently awarded the EU Mies 
Van Der Rohe prize 2019 (4) and the Pritzker price 
2021 (5).  

Their winter garden systems are a smart, 
passive, and adaptable design solution that can be 
implemented in temperate climates with warm 
season. This research project in collaboration with 
the architects seeks a precise understanding of the 

winter gardens’ behaviour to further improve and 
adapt them. This paper will focus on three 
residential schemes in France. Conclusions are 
drawn from information provided by the architects, 
interviews, observations, temperature monitoring, 
and environmental simulations. 
 
Figure 1:  
Exterior and interior view of a winter garden 

 
 
2. THE WINTER GARDENS  

Winter gardens are used as building envelopes 
and “free-space”: somewhere people can choose 
how to use, when to occupy and how to furnish 
(Figure 1). The architects expose their philosophy in 
Actitud (2017): they base their designs on doing 
more with less, and therefore economic savings: 
agricultural greenhouses offer large while 
inexpensive envelopes, considerably cheaper than 
those of traditional buildings. 

“From the moment you can offer double or 
triple the space (for the same price), houses can 
function in a non-uniform way: some areas are 
insulated and heated whereas some others are not, 
and these spaces can be combined”. Lacaton & 
Vassal explain that winter gardens can be 

 

comfortable most of the year, depending on 
temperature, sun and rain. Their aim is to “take 
advantage of outdoor conditions, domesticate 
them, manage them and transform them: the 
opposite attitude from an insulated space that 
defends itself from climate”. Whilst their indoor 
spaces are generous, winter gardens become the 
space of freedom, where people are liberated from 
pre-sets, the space where the user is given freedom 
of choice. 
 
Figure 2:  
Composition of winter garden system 

 
 

The articulation of the winter gardens has been 
improved and systematised across the years. They 
are composed of 4 adaptable layers that ensure an 
optimal performance throughout the year. From 
the inside out, the first layer is a thermal curtain 
(R=0.46m2K/W) that insulates the living areas at 
night, protects from the sun in the hottest hours. 
The second layer is the limit of the heated 
envelope. It is a double glazing with minimum U-
value, maximum light and solar transmission. The 
last layer is the outer glazing, which is single and 
often permeable to air through slits. In front of it, a 
permeable geotextile screen controls solar access or 
privacy. Its opening ratio is project specific 
depending on orientation and climate. 2/3 glazing 
panels are always operable to maximise air flow. 
The interior surfaces of the winter garden are 
exposed concrete to take advantage of its thermal 
mass. A small balcony helps to control the highest 
sun and is also used for fire prevention purposes. 
Figure 2 shows the different elements of the system 
with their U or R value and the Solar Heat Gain 
Coefficient. The careful design of each element 
guarantees that users consider the space as a buffer 
in winter instead of a heated area. The ease of 
operability ensures that occupants use every 
element regularly. 

The environmental benefits that these systems 
offer are numerous, both for the parent building 
and for the inhabitants: they act as buffer spaces, 
regulating thermodynamic exchanges with outdoors 
and allowing users to take advantage of the climate 
through its adaptive features. They mitigate heat 
loss thank to the insulation provided by the air and 
by the extra layer, but unlike that of an insulation 
product, they allow in maximum solar gains and 
daylight and preserve the surrounding views and 
contact with nature. Regarding airflow, winter 
gardens reduce infiltration towards the parent 

building by reducing wind pressure on the façade. 
Also, the incoming air from the winter garden is 
pre-heated which is more hygienic and healthier 
than through mechanical systems. A small opening 
during the cold period enables the renewal of fresh 
air. Regarding acoustics, winter gardens can halve 
incoming noise. 

The use and function of the winter gardens vary 
with the seasons (Figure 3). In winter, when both 
layers are closed, they function as buffer spaces. In 
summer, when the external layer is opened, the 
system becomes a deeper balcony shading the 
interior from the high sun and functions as a 
protected outdoor space. During the mid-season, 
gentle temperatures inside allow the occupants to 
leave the internal layer open and use the area as an 
extension of the indoor space. 
 
Figure 3:  
Use of the winter garden across the seasons 

 
 
3. THE CASE STUDIES 

This paper presents the work carried out in 
three of their residential schemes. Plans, sections, 
images and climate data of each cas and city are 
summarised in Table 1: 

-“Cité Manifeste”, in Mulhouse (2005) featuring 
row houses. It was one of their first buildings. Units 
are organised by pairs, in two levels. 

-“Logements étudiants & sociaux, Ourcq-
Jaurès”, in Paris (2014). Newly built, inside the 
urban tissue. 

-“Transformation de 530 logements au Grand 
Parc” in Bordeaux (2016), a refurbishment of a 
typical 60-70’s building where winter gardens were 
added. 

The 3 climates are classified as Cfb in the 
Koppen Geiger classification, Temperate Oceanic 
with all month’s average temperature below 22oC 
and warm summers. Mulhouse is closer to a Cold 
climate and has lower averages in winter. Bordeaux 
is lower in latitude and has the warmest summers. 
 
4. METHODOLOGY 

Fieldwork was carried out in the three buildings. 
It consisted of interviews to occupants of 10 units to 
learn from their impression of the space and 
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elements; and leaving temperature dataloggers to 
study the thermal behaviour. The case studies were 
assessed using environmental design principles and 
analysis tools.  

Weather data were obtained from Meteonorm 
7.0. Thermal models were simulated in Energy Plus 
and calibrated with measurements and interviews. 
Building inputs were provided by the architects. 
When available, internal gains and setpoints were 
set according to the French regulation RT 2012. 
Schedules and other inputs (unavailable in the 
regulations) were set according to EN 15251. Table 
2 shows a summary of inputs.  
 
Table 2:  
Input summary 

 
 

For the calibration, exterior temperature was 
introduced from the measurements. Solar radiation, 
wind speed and direction were extracted from 
nearby weather stations. Simulated free-running 

zone operative temperatures were evaluated 
against the adaptive comfort zone based on EN 
15251 (cat. II). 
 
5. DESIGN FEATURES  

Most of the dwellings designed by Lacaton & 
Vassal are exposed in at least two orientations to 
allow for cross-ventilation. Living areas are 
systematically oriented to the south or south-east, 
depending on the plot, to take advantage of the 
warming sun. Winter gardens always follow living 
areas and therefore receive the sun during the 
morning and eventually early afternoon all year 
round. Bedrooms are located towards the north or 
northwest quadrants. In between the spaces there 
are none or minimal divisions to allow the air to 
flow, doors are often sliding to foster it. Access to 
the units is always from the core, so that winter 
gardens remain private spaces of the occupants, far 
from the look of strangers.  

All the winter gardens are composed of the 
elements previously mentioned. The case of Cité 
Manifeste is particular, as the greenhouse’s roof is 
exposed. It has a horizontal shading and an 
automated roof opening (it opens when 
wgtemp>21oC). Ourcq-Jaures and Grand Parc are 
typical floors of larger buildings. 
 

Table 1:  
Case studies and corresponding climate 

 

 
6. FIELDWORK RESULTS 

Feedback from 30 interviews is summarised 
below:       

-100% of the interviewees reported using 
windows and curtains to adjust their thermal 
comfort 

-None of the interviewees reported having an 
extra heating device in the winter garden 

-80% use interior curtains to protect from the 
sun or too much cold 

-83% use exterior curtains to prevent from heat, 
light or for privacy issues 

-Ourcq-Jaures was the case where occupants 
use the least the adaptive elements 

-most of the interviewees reported opening the 
intermediate window “as soon as it is nice” 

Also, dataloggers were left in all three cases 
during a week in the living room, one bedroom, 
winter garden and the immediate exterior (see 
Table 2 for locations). Table 3 shows results from 
thermal sensation feedback inside the unit and in 
the winter garden together with temperature 
monitoring. 

In all cases, people reported being very satisfied 
with their thermal environment, especially in winter 
as there are barely any complaints. However, some 
points are to be noted: In Mulhouse, most of the 
interviewees consider that the house, but specially 
the winter garden are too hot during summer 
afternoons. This is due to the excessive exposure of 
the greenhouse roof. Notably, the architects did not 
plan any vertical shading in the winter garden, but 
all occupants placed a form of shading in the 
exposed glazing. In Ourcq-Jaures, occupants 
considered that bedrooms are too hot during 
summer evenings. The north-west orientation of 
the bedrooms without any exterior shading device 
penalises the performance. In Grand Parc, the 
satisfaction is remarkable as nobody reported 
preference for cooler temperatures in summer in 

any of the spaces, even the climate is the hotter. 
This is due to the high amount of thermal inertia in 
the structure and walls of the building controlling 
peaks. 

 Measurements were taken during winter 
(except for Grand Parc, where it was already 
spring), and heating was used in the three cases. 

In Mulhouse, thermostats are individual, and 
easy to monitor by the users. The occupant had it 
set at 22º. She opens all the windows during the 
morning to ventilate, which is reflected by a drop in 
the temperature of 2-3oC. Otherwise, interior 
temperature remains relatively stable around the 
target. 

In Ourcq-Jaures, heating is centralised. Users 
can regulate each radiator, but without a clear view 
on the temperature. This results in a setpoint that is 
too high, around 25oC. Furthermore, when outdoor 
temperature drops below 0oC, the building manager 
increases temperature to 26.5oC. The centralised 
system did not help for the occupants to regulate 
their own temperature, as they do not seem to be 
aware of that possibility. This also explains the 
poorer use of the adaptive features.  

In Grand Parc, the thermostat is individually 
regulated. In the studied unit, it was set at 20oC. 
Winter garden doors were left open during the day. 
Indoor temperatures are very stable around the 
target. If the winter garden had been closed, the 
buffer effect would have been enough to maintain 
the same temperatures passively. 

In general, the winter garden proves to be 
effective as a buffer space: 

-In Mulhouse, its temperature is always above 
outdoors by 2-4º at night and 7-13º during daytime 
(all days were sunny). The shading was always on. 

-In Ourcq-Jaures, its temperature is 2-8oC higher 
than outdoors. In sunny days, temperature rises 
fast and reaches differences of 6-8oC, which is 
particularly effective for very cold sunny days. The 

Table 3:  
Fieldwork results 
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effect of the inertia is clear: after 3 sunny days, and 
during a cloudy one, the temperature difference is 
still at 4oC. In the second cloudy day, it drops to 2oC. 
This means that during cloudy days, the winter 
garden still acts an effective buffer space. 

   -In Grand Parc, as the windows were open 
during the day, the buffer effect is less clear. During 
night-time, the difference with outdoor 
temperature is 3-4ºC. 

Fieldwork results proved that occupants indeed 
use the elements to control their environment. 
Winter gardens are effective as buffer spaces during 
winter, and enjoyable during the mid-season and 
summer. Only Mulhouse overheats due to the roof 
exposure. 
 
7. CALIBRATION OF THE THERMAL MODELS 

Fieldwork results were used to calibrate the 
thermal models, notably the winter gardens, as all 
other spaces were using heating. Key parameters to 
calibrate were amount of thermal inertia and 
infiltration air changes, to follow reality as close as 
possible. Table 4 shows the results of the calibration 
of the three cases. 

Indoor simulated temperatures follow closely 
the measured ones, with an average difference of 
1ºC and a maximum difference of 3ºC. Winter 
garden temperatures match more closely than 
internal spaces, as their temperature depends more 
on envelope and material properties than indoors - 
where cooking or number of people at any given 
time influence temperature. Regression analysis of 
the scatter plots showing measured against 
simulated temperature reveal a correspondence of 
0.85-0.93 which is fairly accurate. 
 
8. ANALYTIC WORK AND RESULTS 

For the winter garden operation, fieldwork 
results were interpreted as follows: 

-Interior doors open “as soon as it is nice”. The 
input is translated as: if twg>20.5oC and tint>20oC, or if 
tint>24oC 

-Exterior doors open entirely during summer 
and if twg>26oC and text< twg 

-Thermal curtains are activated at night-time 
during the mid-season and winter 

-Solar curtains are activated when incident 
radiation > 100W and during night-time in summer 
for privacy. 

Thermal simulations in passive mode were used 
to understand the behaviour across the year. 
Results match the objectives of the architects: 

-During summer days, temperature inside the 
winter garden follows outdoors and can even fall 
below during peak time for the two cases of the 
buildings where the roof is concrete. The space is 
therefore better than a comfortable outdoor space. 
In Mulhouse, temperature follows outdoors, but 
with with some 7oC more. 

-During the mid-season, the temperature of the 
winter garden reaches the comfort band most of 
the days, especially when it is sunny. The space can 
therefore be used as an extra indoor space. 

-During winter, the temperature difference with 
outdoors validates its functioning as buffer spaces: 
For the cases of Ourcq-Jaures and Grand Parc, 
temperature differences reach 3-8oC both during 
day and night-time, depending on the sun and 
thermal inertia. For Mulhouse, temperature 
difference at night is lower due to the large 
exposure of the winter garden envelope and lack of 
thermal inertia. During daytime, difference can be 
5-15oC, depending on the sun.  

Indoors, temperatures remain stable and inside 
the comfort band most of the year. During the 
coldest months, all the units require heating. 

With regards to energy demand, Grand Parc and 
Ourcq-Jaures require very little heating (> 15 
kWh/m2). However, Mulhouse’s demand is higher 
(33 kWh/m2). It is relevant to remind that this 
climate is also the coldest one. 

During peak days, the winter garden is 
particularly efficient. First, because the thermal 
inertia keeps temperatures higher and second, 
because those days are sunny: the sun heats the 
space and the buffer effect is enhanced. This helps 
to reduce the peak load.  

Looking at the internal gains of the entire house 
during the heating period, it is clear that the largest 
contribution to rise the temperature inside is the 
sun, which is a more reliable and sustainable source 
than relying on internal gains or heating. 
 

Table 4:  
Thermal model calibration 

 

9. DISCUSSION 
Lacaton & Vassal’s buildings are designed 

consistently following bioclimatic principles. The 
adaptive features are maximised as many layers can 
be activated according to environmental conditions 
and user’s will. The units are bright due to the large 
windows, and winter gardens do not prevent the 
units from being properly daylit.  

From the two studied typologies, the winter 
garden with the opaque roof works consistently 
better as the balance of exposed surface and 
thermal inertia is better calibrated. With the 
exposed roof, interior spaces overheat considerably 
in summer. 

Simulations demonstrated that the winter 
garden can be an asset throughout the year: In 
winter, temperature differences with outdoor 
validates its functioning as a buffer space, and 
heating demand is low even with a fully glazed 
envelope. Although the sun is not intense, it still 
represents a net heat gain. In summer, the different 
shadings, thermal inertia, and cross ventilation 
work effectively as temperatures remain and below 
outdoors during peak times. During the mid-season, 
gentle temperatures inside allow the occupants to 
use the area as an extension of indoors. 

An adequate operability of the elements is key 
to regulate interior temperature properly, and most 
of the users seem to be doing it intuitively: 

- In winter, both glazing layers should be kept 
closed and solar curtains open. Thermal curtains 
should be closed at night. 

- During summer, all the layers should be open 
to evacuate heat and allow proper ventilation. Both 
curtains can be deployed to control the sun and 
privacy. 

- During the mid-season, the operability of the 
elements depends on the sun and temperature. In 

general, especially during sunny days, doors 
towards the winter garden can be left open as the 
temperature should be comfortable as indoors. 
Thermal curtains closed at night help to maintain 
temperatures. 

Individual regulation of the heating system is a 
key condition for the system to work properly and 
save energy: if the users are not aware, they use 
less the adaptive features, setpoints are higher, and 
the overall energy consumption is higher. 
 
10. CONCLUSIONS 

All in all, Lacaton & Vassal´s winter gardens act 
as smart passive systems that can save energy, 
create more enjoyable spaces that are bright, 
adaptable, and comfortable across the seasons and 
ultimately, they provide well-being and joy to their 
occupants. This type of configuration proves that 
the concept of the winter garden still has a lot to 
offer. 
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ABSTRACT: Buildings and the construction industry in general are contributors to the current climate crisis in the 
form of energy consumption and CO2 emissions. Passive solar design, envelope material composition, ventilation 
strategies and energy systems are key aspects in mitigating that contribution. This paper provides indications on 
the influence of these considerations on the energy performance of a residential building located in Ciudad 
Parque Bicentenario (Cerrillos, Santiago), a new urbanisation project developed by the State considering 
sustainability criterion. InSight® and Revit® are used to determine the building typology and shape that maximise 
passive solar gains. DesignBuilder® is used to determine the heating demand and the risk of overheating, 
considering different envelope thermal insulation levels, air permeability levels and ventilation strategies. Primary 
energy consumption and CO2 equivalent emissions are estimated for different energy system scenarios, including 
solar thermal and photovoltaic options. Results show that the heating demand can be reduced by over 80% when 
considering highly efficient building measures, compared to that obtained with the current Building Thermal 
Regulation. Air-source heat-pump is found to be an attractive solution if used only in heating mode, while the 
solar thermal energy system can achieve a saving of 86% in domestic hot water energy consumption. 
KEYWORDS: Passive design, Envelope thermal insulation, Ventilation, Energy performance, Energy Systems 
 
 

1. INTRODUCTION  
Current models of urban development take few 

things into consideration other than economic gain, 
which leads to a never-ending expansion of cities in 
the form of disconnected, overcrowded and highly 
resource consuming buildings [1]. Chilean national 
objectives aim for all new residential constructions 
to be net-zero energy by 2050 [2], but the actual 
energy code for buildings does not incentivise them 
to achieve high energy performance [3]. One 
initiative of the Ministry of Housing and Urban 
Planning (MINVU) is the development of Ciudad 
Parque Bicentenario (CPB), a new urbanisation 
project that considers better quality standards than 
those defined in the actual urban planning 
regulations. Located in the city of Santiago, CPB 
aims to reclaim a 250-hectare abandoned space and 
develop from scratch an integrated and sustainable 
urban area formed by low cost social housing with 
access to services, public transportation and 
outdoor areas. The project is currently under 
construction, with the core element Parque 
Cerrillos, a 50-hectare park, already completed 
alongside some public and residential buildings. It is 
the first time that MINVU is planning this type of 
initiative, as part of a national policy. Thus far, high-

quality social housing projects were only 
implemented by municipalities [4]. 

The present study aims to determine the 
requirements related to building design and 
services for the construction of an energy efficient 
building on a specific terrain in CPB, Plot B5 (Figure 
1), which will follow this new model of social 
housing with subsidised rent. The analysis focuses 
on the urban, architectural and technical strategies 
to ensure that the future building is as energetically 
efficient as possible. This study aims to contribute 
to the MINVU policy for the construction of energy 
efficient social housing. 

 
Figure 1: 
Location of Plot B5 in CPB (white coloured area) 

 

2. GOALS AND METHODOLOGY 
The general goal of this paper is to present 

guidelines and tools to design energy efficient 
housing, from the macro-scale of location and sun 
exposure, to passive architectural design and 
material choices, all the way to energy systems. 
Precise information and metrics are provided for 
the case of Plot B5 in CPB, but the methods used in 
the investigation may also be useful for any other 
building, working as a sort of energy efficient 
building project manual.   

In order to achieve this goal, the study was 
subdivided into three steps: (1) Location and Solar 
Access, (2) Energy Performance Simulations, and (3) 
Energy Systems. Each step takes information from 
the previous one to obtain specific data. The 
methodology for each section goes as follows: 

 
2.1 Location and Solar Access 
- Analysis of the context of Plot B5: relationship 

with nearby public spaces and buildings, annual 
solar path and shadows that the built 
environment causes on the plot (Revit® [5]), and 
plot constructability capacity according to 
regulatory restrictions. 

- Analysis of solar radiation on main facades 
during winter, through a series of different 
volumetric iterations (InSight® [6] - Revit® [5]). 

- Select the orientation and shape that maximise 
the passive solar gains of the future buildings. 

 
2.2 Energy Performance Simulations 
- Establish inputs for simulations (composition of 

building envelope, air permeability and 
ventilation, internal heat gains, activity 
schedule, etc.) considering several different 
scenarios to compare, including the thermal 
insulation regulation required in Santiago’s 
current Thermal Regulation. 

- Performance simulation (Design Builder® [7] – 
EnergyPlus™ [8]) during the winter to determine 
the heating demand, and during the summer 
period to evaluate the risk of overheating. 

 
2.3 Energy Systems 
- Analysis of heating, domestic hot water (DHW) 

and electricity demands. 
- Analysis of the efficiency of different systems for 

heating generation (electric radiator, air- and 
ground-source heat-pumps, natural gas boiler) 
and distribution (water radiators, underfloor 
heating). Determination of the potential of solar 
systems (photovoltaic, thermal). Different 
energy system scenarios are established. 

- Comparison of primary energy consumption and 
CO2 equivalent (CO2-eq) emissions of the 
different energy scenarios. 

3. ANALYSIS AND RESULTS 
 
3.1 Location and solar access 

To conduct the first section of the Location and 
Solar Access Study, a 3D model of the existing built 
environment was prepared using Revit®, and a 
simulation of the projected shadows for both the 
summer and winter solstices was performed. It was 
concluded that the surrounding built environment 
does not produce significant shadows on Plot B5, so 
the main concern of a future project relies on the 
shadows the buildings may produce upon 
themselves. Considering the surroundings, the plot 
has the possibility of good views, and could 
articulate the excellent adjoining public spaces. It 
was also found that the hypothetical buildings in 
plot B5 should use the maximum permitted height 
in order to maximise passive solar gains in winter. 

For that purpose, 16 different volumetric 
iterations of different basic building types were 
modelled in Revit. Solar radiation incidence 
(kWh/m2) on the main facades during the winter 
period (06/21 – 09/20) was simulated for each 
iteration using Autodesk InSight®. The criteria used 
to compare iterations was the percentage of facade 
area that receive less than 100 kWh/m2 during the 
winter. Therefore, the iterations that achieve the 
lowest percentages are considered to be optimal. 
The results of the simulations (Table 1) showed that 
the buildings should conform to a “bar” or block 
typology, and that they should be oriented towards 
the east-west, in order to maximise solar gains 
during the winter and avoid south facing facades.  
 
Table 1:  
Volumetric iterations of the incidence of solar radiation on 
facades during winter 
 

Iteration 
n° 

Description of building 
typology 

% of facade 
area under 

100 kWh/m2 
during winter 

01 5 square towers, evenly 
distributed 2.4% 

02 2 bars, centred on plot, east-
west facades 15.0% 

03 2 bars, centred on plot, 
north-south facades 50.0% 

04 4 bars and a tower, evenly 
distributed on the plot 6.5% 

05 
4 bars and a tower, 
alongside perimeter of the 
plot  

12.5% 

06 
3 bars on perimeter + a 
tower on the centre of the 
plot 

14.0% 

07 
1 thin bar parallel to north 
boundary + 1 thick bar 
parallel to east property line 

27.9% 
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08 

1 thin bar aligned to north 
boundary w/ 50° rotation + 1 
thick bar parallel to east 
property line 

0.0% 

09 

1 thick bar aligned to north 
boundary w/ 50° rotation + 1 
thick bar parallel to east 
property line 

0.0% 

10 
1 thin bar parallel to south 
boundary + 1 thick bar 
parallel to east property line 

9.4% 

11 

2 thin bars aligned to north 
and south boundaries w/ 50° 
rotation + 1 thick bar parallel 
to east property line 

1.5% 

12 

2 thin bars parallel to north 
and south boundaries + 1 
thick bar parallel to east 
property line 

15.4% 

13 
2 thin bars aligned to north 
and south property lines w/ 
50° rotation 

1.6% 

14 
2 towers centred on the plot 
+ 1 thick bar parallel to east 
property line 

1.0% 

15 

1 thin bar aligned to north 
boundary w/ 50° rotation + 1 
thick bar parallel to east 
property line + 1 tower on 
south-west corner 

1.0% 

16 
1 thin bar parallel to south 
boundary + 1 thick bar 
parallel to west property line 

8.7% 

 
The findings showed that the ideal building type 

should be two bars, with one volume aligned to the 
north property line and rotated (~50°), and the 
other aligned to the east property line (Figure 2). 
The distribution and layout of one- and two-
bedroom apartments were also determined using 
the current housing market in Santiago as 
reference. All one-bedroom apartments are located 
in the north block while all two-bedroom 
apartments are located in the east block. 
 
Figure 2:  
Ideal building type and disposition for Plot B5  
Note: the colours indicate the amount of solar radiation 
received by the facades during the winter period. 
 

 

3.2 Energy Performance Simulations 
The selected buildings and apartments were 

used for the Energy Performance simulations. The 
simulations were carried out with the EnergyPlus 
engine using the DesignBuilder interface, in order to 
determine the heating demand and the risk of 
overheating for the apartments in a typical year for 
the climate of Santiago. Four apartments for each 
façade of both buildings were examined, that is, 16 
apartments in total. Units on the top floor below 
the roof and on the penultimate floor, units in the 
centre of the blocks and units in the corner of the 
blocks were considered in order to cover different 
orientations and sun exposures. Four scenarios 
considering different envelope standards and 
ventilation strategies were evaluated (Table 2): 
 
Table 2: 
Energy Efficiency scenarios for simulations 
 
# Scenario Description 

CASE RT 

Current 
Thermal 
Regulation 
(RT) 

Thermal insulation levels 
correspond to those of the 
current Thermal Regulation. 
High rate of air infiltration. 
No ventilation system. 

CASE 0 New RT 

Thermal insulation and air 
permeability correspond to 
those of the Thermal 
Regulation update proposal 
sent for simplified 
consultation in August 2020. 
Simple flow ventilation 
system. 

CASE 1 New RT_2 

Thermal insulation and air 
permeability Identical to 
CASE 0. 
Double flow ventilation 
system with heat recovery. 

CASE 2 Low 
Consumption 

Improved envelope insulation 
and air permeability 
standards. 
Double flow ventilation 
system with heat recovery. 

 
The specific inputs for the simulation of each 
scenario are described in Table 3 and Table 4. The 
results are shown in Figure 3 and Figure 4. 
 
Table 3: 
Thermal Transmittance of building envelope elements 
   

CASE 
RT 

CASE 
0 

CASE 
1 

CASE 
2 

Walls 

U (W/m2K) 1.81 0.75 0.75 0.42 
Insulation 
thickness 
(mm) 

10 40 40 80 

 

Roof 

U (W/m2K) 0.43 0.39 0.39 0.33 

Insulation 
thickness 
(mm) 

80 90 90 110 

Windows 

Glass 
(W/m2K) 5.8 2.89 2.89 2.69 

Frames 
(W/m2K) 5.88 2.2 2.2 2.2 

 
Table 4: 
Ventilation Inputs by scenario 
 

 
 

CASE 
RT 

CASE 
0 

CASE 
1 

CASE 
2 

Infiltration 
Air change 
per hour 
(ACH) 

1.5 0.5 0.5 0.2 

Mechanical  
ventilation 

Air change 
per hour 
(ACH) 

 0.97 0.97 0.97 

Heat 
recovery 
ventilation 
(Y/N) 

NO NO YES YES 

 
Figure 3: 
Heating demand for the one-bedroom apartments 
 

 
 
Results indicate that it is possible to achieve an 

82% to 85% reduction in the annual heating 
demand when implementing higher thermal 
insulation levels, lower air permeability and 
mechanical ventilation with heat recovery (Case 2) 
instead of those defined in the actual Building 

Thermal Regulations (Case RT), with a heating 
demand lower than 15 kWh/m² per year for most of 
the apartments under analysis.   
 
Figure 4: 
Heating demand for the two-bedroom apartments 
 

 
 

With regards to the risk of overheating during 
summer, the use of solar protections proved to be 
essential in order to maintain an acceptable indoor 
thermal comfort. Results showed that thermal 
comfort can be ensured in the living room during 
occupation hours with the use of interior shades, 
combined with intensive ventilation through 
window openings during the coldest hours of the 
day. The living room balcony, as an overhang, also 
contributes to reducing solar gains in summer. The 
use of exterior shades on the bedroom windows is 
necessary to maintain a comfortable indoor 
temperature during the night. The use of intensive 
night-time ventilation through window openings is 
also recommended in bedrooms to reach thermal 
comfort.  
 
3.3 Energy systems 

A series of different energy system scenarios 
(Table 5) for the production of heating and 
domestic hot water (DHW) were compared through 
estimates of annual primary energy consumption 
per square metre (kWh/m2.year) and CO2 
equivalent emissions (kgCO2/m2.year) for both 
apartment types. The study assumes the overall 
efficiencies presented for each system in Table 6. 
The study also estimates the performance of a Solar 
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Thermal System (STS) for DHW production and a 
Photovoltaic Panel System (PVS) for electricity 
generation using the Solar Explorer tool [9]. 

 
Table 5: 
Energy system scenarios 
 
Scenario Types of generation and distribution 

S1 
- Heating: electric radiators in every 
room of each apartment 
- DHW: collective electric accumulators 

S2 - Heating: air-to-air heat-pump 
- DHW: collective electric accumulators 

S3 
- Heating: ground-to-water heat-pump + 
underfloor heating system 
- DHW: collective electric accumulators 

S4 

- Heating: natural gas condensation 
boiler + water radiators 
- DHW: natural gas boiler + collective 
accumulators 

STS & PVS 100% of roof Surface occupied by STS 
(60%) y PVS (40%) 

 
Table 6: 
Energy system overall efficiencies 
 
Scenario Heating DHW Electricity 
S1 1.00 0.77 1.00 
S2 2.50 0.77 1.00 
S3 3.50 0.77 1.00 
S4 0.90 0.69 1.00 

 
The following results are divided by apartment 

type. The primary energy consumption is evaluated 
considering an heating demand of 20 and 40 
kWh/m2.yr, corresponding approximately to case 0 
and case 1 of section 3.2. The energy demand for 
DHW production is estimated to 28 and 34 
kWh/m2.yr for the one- and two-bedroom 
apartments respectively. The electricity demand is 
evaluated to represent 41 kWh/m2.yr considering 
average usage for cooking and other domestic 
equipment. The primary energy conversion factors 
for each fuel are presented in Table 7, along with 
the CO2 equivalent emission factors. Results are 
shown in the following Figure 5 and Figure 6. 

 
Table 7:  
Primary energy conversion and CO2-eq emission factors 
 

Fuel type Primary energy 
conversion factor 

CO2-eq emission 
factor 

Electricity 1.9 [10] 0.4398 [11] 
Gas Natural 1.1 [10] 0.2277 [12, 13] 
 
Figure 5:  
Primary energy consumption and energy-related CO2 
emissions (heating + DHW + electricity) comparison for 
the one-bedroom apartment 

 
 
Figure 6:  
Primary energy consumption and energy-related CO2 
emissions (heating + DHW + electricity) comparison for 
the two-bedroom apartments 
 

 
 

 

The Energy Systems analysis results show that it 
is not possible to reach net-zero energy 
consumption, the limiting factor being the space 
available for solar panel installation. The STS, 
occupying 60% of the roof area, allows a saving of 
86% in DHW energy consumption, while the PVS, 
occupying the other 40%, can save 15% of the 
consumption of electricity. The most sustainable 
solution is found to be the ground-source heat-
pump with hydraulic underfloor heating (S3) with 
both solar systems. This has the lowest primary 
energy consumption and CO2 emissions of the 
selected options, but it implies contemplating 
various supplementary works in the construction 
project. The air-source heat-pump (S2) is found to 
be an attractive solution in terms of CO2 emissions 
and installation cost. However, its implementation 
could produce a rebound effect in terms of energy 
consumption and CO2 emissions as building 
occupants would certainly also use it in cooling 
mode, instead of adopting passive strategies (solar 
protection devices and ventilation through window 
openings. The electric radiator solution (S1) is the 
most economically sound installation option, but 
the least sustainable in terms of primary energy 
consumption and CO2 emissions. However, this 
solution would probably be the most convenient 
when the heating demand is low. The gas 
condensing boiler solution (S4) appears to be a 
good compromise between installation cost and 
operating CO2 emissions, but it contributes to 
increasing the country’s energy dependence on 
importing fossil fuels, rendering it the least 
sustainable option. 
 
4. CONCLUSION 

The study describes how an apartment building 
in Santiago can achieve low energy consumption, by 
the use of appropriate passive design 
considerations, features of the building envelope 
(i.e. materials and air infiltration), ventilation 
strategies and energy systems. Results show that a 
reduction of the yearly heating demand of over 80% 
may be achieved when considering highly efficient 
building measures, compared to that obtained with 
the current Building Thermal Regulation. 

These results are specific to the climate 
conditions of Santiago. Given the diversity of 
climates in Chile, other technical requirements 
should be determined to reproduce similar high 
energy performance construction projects in other 
Chilean locations. Besides, an in-depth economic 
analysis of the different measures is necessary to 
validate the feasibility of their implementation, 
according to the monetary restrictions of such 
social housing and state funded projects. Finally, 
climatic data that reflect future climate changes 

should be used to simulate the heating demand and 
the risk of overheating in the future. The scenarios 
introduced in the study show the influence of the 
different key factors on the building operating 
energy consumption and CO2 emissions. Such 
information can be useful in the design process of 
new buildings or in building retrofits, as it can help 
decision makers in developing more sustainable 
buildings. 
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ABSTRACT: The Purpose of this study is to analyze the cooling, heating, lighting energy consumption, and solar 
cell generation performance of buildings with DSSC BIPV windows by applying various lighting control methods. 
Using computer simulations, three types of windows were compared: Low-E, DSSC-R and DSSC-Y. As a result, the 
DSSC windows showed a higher energy consumption than the Low-E window due to its low VLT value despite its 
own power production, and all three window types showed the lowest energy consumption in the Linear/Off 
control method. Based on this study, continuous research on improving VLT and Solar Cell’s self-generation 
efficiency should be conducted in order to increase the utilization of DSSC BIPV windows. 
KEYWORDS: DSSC, BIPV, Building Energy, Lighting Control 
 
 

1. INTRODUCTION  
Full-scale zero-energy building systems are 

actively being implemented, and local government 
bodies are being increasingly involved in the 
adoption of measures such as employing building-
integrated photovoltaic (BIPV) support systems to 
realize energy savings in domestic buildings and 
reduce greenhouse gas emissions. Most buildings 
utilizing BIPVs include public, business, and 
educational facilities, where the window-to-wall 
ratios (WWRs) are typically high. Thus, transparent 
solar cells can replace windows. Among these, dye-
sensitized solar cells (DSSCs) are next-generation 
devices with outstanding features, such as semi-
transparency, a variety of color realization options, 
and adjustable transparency, and they can be 
applied to window-type BIPVs. 

 DSSCs offer the advantages of low unit prices, 
simple fabrication, and power generation under 
poor lighting conditions [1]. For this reason, 
research on DSSC is being conducted in various 
ways, such as product development, power 
generation performance, building application plan, 
etc. However, lighting energy utilization may 
increase owing to the reduction in solar gain 
because these cells typically have dark tints to 
improve power generation efficiency. Increased 
lighting energy usage can be disadvantageous for 
the overall building energy consumption. Thus, the 
power generation and building energy 
performances must be considered to develop DSSC 
BIPVs applicable to windows. Notably, 
improvement in visible light transmittance (VLT) 
performance is directly related to power generation 
performance, which poses a technical limitation. 

Consequently, nergy consumption based on indoor 
lighting control methods must be analyzed. 

This study aims to evaluate the cooling, heating, 
and lighting energy consumption, as well as solar-
cell power generation performances in buildings 
under various lighting control methods utilizing 
DSSC BIPV windows. Further, a more energy-
efficient lighting control method is proposed to 
increase the applicability of DSSC BIPV windows as 
construction materials. 
 
2. MODELING INPUT DATA ANALYSIS 

This study analyzes heating, cooling, and lighting 
energy consumption according to the lighting 
control method when applying the DSSC BIPV 
window in office buildings in Seoul climate. It is 
intended to analyze the total energy consumption 
according to the power generation performance of 
the DSSC BIPV window at the currently developed 
level and further present power generation 
performance standards for energy reduction. 
 
2.1 Modeling of the target building 

An office building with four south-facing stories 
located in Seoul was modeled using DesignBuilder 
(Version 6.1.7.007) for energy performance analysis 
of the building (Table 1). DesignBuilder [2] is an 
integrated building energy analysis program that 
includes the baseline conditions of LEED 
(Leadership in Energy and Environmental Design) 
and ASHRAE 90.1 and can analyze building energy 
usage via EnergyPlus. The heat flow rate (U-value) 
and HVAC system of the building were selected 
from previous studies and by applying building 
energy-saving design standards [3]. Further, 
standard annual weather data in Seoul were used. 

 

Seoul is the capital of the Republic of Korea and is 
located at 37 degrees north. It is an area 
corresponding to No. 4 (temperature atmosphere) 
in the eight climate zones separated by IECC and 
ASHRAE Standards. 
 
Table 1: 
Simulation model settings. 
 

Modeling 
Image 

 

 
 

Building 
Information 

Total Floor area 640 m2 
Number of Floors 4F 

Floor Heights 3.5 m 
Exterior 
window WWR / Size 40% / 5.6 m × 2 m (8AE) 

Lighting Office-10.2 W/m2, Core-2 W/m2 

Dimming  Office-400 Lux, Core-200 Lux 

Internal heat 
Occupant 0.161 person/m2 

Office Equipment 11.8 W/m2 

Construction 
(U-Value) 

External walls 0.240 W/m2K 
Roof 0.150 W/m2K 

Ground Floors 0.290 W/m2K 

Systems 
Heating/Cooling 

setpoint 
temperature 

Fan Coil Unit (4-pipe) 
20 °C / 26 °C 

Schedule 
Heating Jan 01-Feb 28, Nov 01–Dec 31 
Cooling Mar 01–Sep 30 

 
2.2 Setting the window type 

Three types of window characteristics were 
selected from DesignBuilder glass data based on 
International Glazing Data Base and used to analyze 
the window characteristics (Table 2). The Low-E 
window has a double-layered glass and consists of 
transparent glass (6 mm), air layer (12 mm), and 
coated low-e glass (6 mm). The DSSC windows 
consist of transparent glass (3 mm), air layer (12.55 
mm), DSSC cell (4.4 mm), air layer (12.55 mm), and 
transparent glass (3 mm). Compared to the Low-E 
window, the DSSC windows show high insulation 
performances due to its thick air layer. But the solar 
heat gain coefficient (SHGC) and VLT are much 
lower than the Low-E window due to the dark tint 
of the DSSC Cell and the glass thickness. 

The results of the KS L 2415 NFRC 300:2017 test 
methods from Korea Conformity Laboratories were 
used to characterize the thermal and optical 
properties of the DSSC BIPV windows. According to 
the test report results, Low-E window was used as 

reference model for performance evaluation on two 
DSSC Cell types: DSSC-R (red) and DSSC-Y (yellow). 

The TiO2 thickness of DSSC-R and DSSC-Y was 8 
μm, and the U-value was 5.77 W/m2K. The solar 
heat gain coefficients (SHGCs) of DSSC-R and DSSC-Y 
were 0.41 and 0.42, VLTs were 6% and 16.1%, and 
power generation efficiencies were 2.99% and 
0.72%, respectively (Table 3). 
 
Table 2  
DSSC BIPV Window type. 
 

Type Glazing Layer 
(No. thickness) 

U-Value 
[W/m2K] SHGC VLT 

[%] 
Low-E Clr6+Air12+Low-E6 (3e) 1.540 0.490 59.0 

DSSC-R Clr3+Air12.55+DSSC4.4 
(Red)+Air12.55+Clr3 1.082 0.426 4.9 

DSSC-Y Clr3+Air12.55+DSSC4.4 
(Yellow)+Air12.55+Clr3 1.078 0.436 13.0 

Table 3  
Physical properties of DSSC Cell. 
 

Type  DSSC-R DSSC-Y 
TiO2 Thickness [μm] 8 8 

U-Value [W/m2K] 5.77 5.77 
SHGC 0.41 0.42 

SC 0.47 0.48 
VLT [%] 6.0 16.1 

Inside/Outside Visible Reflectance 
[%] 9.1/9.4 9.0/8.1 

Solar Transmittance [%] 19.2 20.8 
Inside/Outside Solar Reflectance 

[%] 11.2/11.3 10.8/10.3 

Infrared Transmittance [%] 20.3 21.3 
Inside/Outside transmittance [%] 16.3/16.0 16.0/15.8 

Emissivity 0.89 0.89 
Powe Generation Efficiency [%] 2.99 0.72 

 
2.3 Lighting control method 

The lighting density of the work space was set at 
10.2 W/m2 and the corridor was set at 2 W/m2, and 
the lighting schedule was set to use lighting energy 
only during work hours. Dimming control was 
implemented to adjust the amount of 400lux 
according to the standard for indoor illumination of 
business facilities [4]. 

Three types of lighting control method available 
in DesignBuilder were considered: linear/off, linear, 
and stepped (Table 4). Two lighting control sensors 
were installed 2.8 m and 5.6 m from the window 
based on the work surface height of 0.75 m. The 
lighting consumption proportion for these two 
sensors was set to 50/50.  
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Table 4  
Lighting control techniques in DesignBuilder. 
 

Type  Method 

Linear/Off Sequential dimming and turning off 
control upon reaching the set value 

Linear Lighting consumption is adjusted 
sequentially based on illuminance 

Stepped Lighting on/off method according to 
natural light at step 10 

 
3. SIMULATION RESULT ANALYSIS 

3.1. Energy consumption according to window 
type  
Figure 1 shows the building cooling, heating, and 
lighting energy consumption according to the 
window type when applying the linear/off method. 
The total energy consumption, including the energy 
consumption of heating and cooling lighting, was 
the highest (29,355.24 kWh) in buildings with DSSC-
R windows. Buildings with DSSC-Y consumed 
25,831.77 kWh, and buildings with Low-E windows 
consumed 21,312.54 kWh. Under the linear/off 
lighting control method, buildings with Low-E 
windows consumed the least total energy. 

Figure 1:  
Energy consumption according to linear/off lighting 
control method 

 

The cooling energy consumption of buildings to 
which DSSC-R and DSSC-Y were applied was 
11,176.94 kWh and 10,645.92 kWh, respectively, 
which increased by 2,150.82 kWh and 1,619.79 kWh 
compared to the reference model. Heating energy 
consumption was the highest in buildings with Low-
E windows, consuming 10,326.17 kWh, and 
buildings with DSSC-R and DSSC-Y windows 
consumed 2,391.05 kWh and 2,006.81 kWh, 
respectively—with that of DSSC-R being its lowest 
heating energy consumption. Lighting energy 
consumption was the lowest at 1,960.24 kWh in 

buildings with Low-E windows. Buildings with DSSC-
R and DSSC-Y consumed 10,243.19 kWh and 
6,866.50 kWh, up 8,282.94 kWh and 4,906.25 kWh, 
respectively, compared to the reference model: the 
highest lighting energy consumption was in 
buildings with DSSC-R. 

Figure 2 shows the energy consumption of 
building cooling and heating lighting according to 
the window type when applying the linear method. 
The total energy consumption of buildings, 
including the energy consumption for heating and 
cooling lighting, was highest at 29,389.90 kWh in 
buildings with DSSC-R windows. Buildings with 
DSSC-Y consumed 26,082.87 kWh, and buildings 
with Low-E windows consumed 22,285.79 kWh of 
energy. Under the linear lighting control method, 
buildings with Low-E windows consumed the least 
energy in total.  

Figure 2:  
Energy consumption under linear lighting control method 

 

The cooling energy consumption in buildings 
with DSSC-R and DSSC-Y was 11,177.20 kWh and 
10,672.49 kWh, respectively, which increased by 
1,987.86 kWh and 1,483.15 kWh compared to the 
reference model. Heating energy consumption was 
the highest at 10,122.47 kWh in buildings with Low-
E windows, and buildings with DSSC-R windows and 
DSSC-Y consumed the least amount of heating 
energy at 7,903.06 kWh and 8,239.06 kWh, 
respectively, down 2,219.41 kWh and 1883.41 kWh 
from the reference model. Lighting energy 
consumption was the lowest at 2,973.98 kWh in 
buildings with Low-E windows. Buildings with DSSC-
R and DSSC-Y consumed 10,309.64 kWh and 
7,171.32 kWh, up 7,335.66 kWh and 4,197.34 kWh, 
respectively, compared to the reference model, 
with the highest lighting energy consumption 
occurring in buildings with DSSC-R. 

Figure 3 shows the energy consumption for 
building cooling and heating lighting according to 
window type when applying the stepped method. 

 

The total energy consumption, including the energy 
consumption for heating and cooling lighting, was 
the highest at 29,980.96 kWh in buildings with 
DSSC-R windows. Buildings with DSSC-Y consumed 
26,354.36 kWh, and buildings with Low-E windows 
consumed 21,466.31 kWh. Under the stepped 
lighting control method, buildings with Low-E 
windows consumed the least energy in total. 

Figure 3:  
Energy consumption under the stepped lighting control 
method 

 

The cooling energy consumption in buildings 
with DSSC-R and DSSC-Y was 11,294.99 kWh and 
10,723.63 kWh, respectively, which increased by 
2,255.48 kWh and 1,684.12 kWh compared to the 
reference model. Heating energy consumption was 
the highest at 10,283.70 kWh in buildings with Low-
E windows. Further, buildings with DSSC-R windows 
and DSSC-Y consumed 7,984.32 kWh and 8,231.58 
kWh, down 2,442.39 kWh and 2,052.12 kWh from 
the reference model respectively. Lighting energy 
consumption was the lowest at 2,143.09 kWh in 
buildings with Low-E windows. Buildings with DSSC-
R and DSSC-Y consumed 10,844.66 kWh and 
7,399.14 kWh, up 8,701.56 kWh and 5,256.05 kWh, 
respectively, compared to the reference model, 
indicating the highest lighting energy consumption 
in buildings with DSSC-R. 

3.2. DSSC Cell Power Generation  
Because the DSSC BIPV window can generate its 

own power from solar energy, it has better energy 
savings than the Low-E window. The annual power 
output of DSSC-R and DSSC-Y were 2,569.33 kWh 
and 637.90 kWh, respectively. The generated 
energy was equally produced according to the 
power generation efficiency of the solar cell itself 
regardless of the lighting control method. 

As shown in Figure 4, the total energy 
consumption of the building considering the power 
generation of DSSC-R under the three lighting 

control methods was 26,785.91 kWh, 26,820.57 
kWh, and 27,411.63 kWh for the linear/off method, 
linear method, and stepped method, respectively. 

 
Figure 4:  
Total energy consumption of DSSC-R window under the 
lighting control method 

 

 As shown in Figure 5, the actual energy 
consumption of the building considering the power 
generation of DSSC-Y under the three lighting 
control methods was 25,193.87 kWh, 25,444.97 
kWh, and 25,716.46 kWh under the linear/off 
method, linear method, and stepped method, 
respectively.  

Figure 5:  
Total energy consumption of DSSC-R window under the 
lighting control method 

 

Figure 1 shows the cooling/heating/lighting 
energy consumption results of the building 
according to the window type for the three lighting 
control methods. Regardless of the method used, 
the total energy consumed reduced in the order of 
DSSC-R>DSSC-Y>Low-E according to window type. 
Because the VLT of a DSSC window is significantly 
lower than that of the Low-E window, the increased 
energy consumption is attributed to increases in 
indoor lighting energy to meet the indoor 
illuminance criteria.  

Regarding the DSSC-R method, the annual 
energy consumption decreased in the order of 
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linear/off (29,355.24 kWh), linear (29,389.90 kWh), 
and stepped (29,980.96 kWh). Similarly, for the 
DSSC-Y, the annual energy consumption decreased 
in the order of linear/off (25,831.77 kWh), linear 
(26,082.87 kWh), and stepped (26354.36 kWh). For 
the Low-E method, the annual energy consumption 
decreased in the order of linear/off (21,312.54 
kWh), linear (22,285.79 kWh), and stepped 
(21,466.31 kWh).  

 
3.3. Discussion 

Figure 6 shows the comprehensive results of 
building energy consumption according to window 
type under the three lighting control methods. 
Regardless of the lighting control method, the total 
energy consumption of buildings according to the 
window type was high in the order of DSSC-R, DSSC-
Y, and Low-E. The main reason for the increase in 
energy consumption was the increase in lighting 
energy. The VLT value of the DSSC window was 
significantly lower than that of the Low-E window, 
thus natural light flowing into the room decreased. 
Accordingly, the amount of artificial lighting used to 
meet the indoor illumination standard increased. In 
addition, because the increase in the use of artificial 
lighting increases the indoor heating load, the 
cooling energy consumption increased compared to 
the reference model, but the heating energy 
consumption decreased. 

Figure 6:  
Annual energy consumption according to window type. 

 

The least annual energy consumption for the 
DSSC-R was 29,355.24 kWh under the linear 
method, followed by 29,389.90 kWh under the 
linear method, and 29,980.96 kWh under the 
stepped method. For the DSSC-Y, the least annual 
energy consumption was 25,831.77 kWh when the 
linear/off method was applied, followed by 
26,082.87 kWh under the linear method, and 
26,354.36 kWh under the stepped method. For the 
Low-E lighting control method, the lowest annual 
energy consumption was 21,312.54 kWh when the 
linear/off method was used, followed by 22,285.79 
kWh for the linear method, and 21,466.31 kWh for 
the stepped method. The simulation results 

confirmed that all three types of windows have the 
highest energy consumption efficiency under the 
linear/off method. 

The annual power outputs of DSSC-R and DSSC-Y 
were 2,569.33 kWh and 637.90 kWh, respectively, 
which were produced equally according to the 
power generation efficiency of the solar cell itself 
regardless of the lighting control method. In the 
stepped method with the highest energy 
consumption, the energy produced by DSSC-R and 
DSSC-Y reduced annual energy consumption by 
9.4% and 2.5%, respectively, but it contributed less 
to energy reduction due to insufficient power 
generation efficiency relative to the increased 
energy consumption. Comparing the linear/off 
method with the lowest energy consumption in 
buildings with DSSC BIPV and the linear method 
with the highest energy consumption for the Low-E 
window, the difference in energy consumption 
between DSSC-R and the reference model was 
4,500.12 kWh. It was confirmed that DSSC-Y has 
lower power generation efficiency than DSSC-R, but 
it consumes less lighting energy; thus, the 
difference in energy consumption from the 
reference model is smaller. 

4. CONCLUSION 
This study analyzes energy consumption under 3 

different lighting control methods for a building 
with DSSC BIPV windows. The results indicate that 
DSSC BIPV windows consume more energy than 
Low-E windows owing to low VLTs. The annual 
energy consumption of DSSC-R and DSSC-Y based 
on lighting control methods increased in the order 
of linear/off<linear<stepped. For the Low-E window, 
the annual energy consumed increased in the order 
linear/off<stepped<linear, indicating that the 
energy consumed by all three windows were lowest 
under the linear/off method. The energies 
produced by the DSSCs were insufficient for 
reducing the total energy consumed owing to poor 
power generation efficiency relative to the increase 
in energy consumption. Further investigations 
should be conducted on enhancing the self-power 
generation efficiencies of solar cells based on the 
results of this study, including improving DSSC 
VLTs and exploring appropriate lighting control 
methods to increase the usability of DSSC BIPV 
windows. 
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ABSTRACT: Both the thermal transmittance of the envelope and the natural ventilation affect comfort levels inside 
office buildings. This research looks to review the current thermal standards for buildings in Chile, evaluating 
whether they allow maximizing time in comfort in free-running office buildings, fostering a lower energy 
consumption. Using a simulation in the DesignBuilder software, the thermal behavior of a 100 m2 building located 
in the city of Concepción, Chile, under scenarios with and without sunlight blocking, is evaluated under the 7 
different standards found in the Chilean regulations, using the ASHRAE 55-2007 adaptive thermal comfort model. 
Later, the thermal behavior of 4 of these representative standards is assessed, including ventilation calculated 
with 50% window opening. The results show that the most restrictive thermal transmittance value does not 
necessarily guarantee higher comfort percentages, and thus, a lower energy consumption, as the building tends 
to overheat in summer and, as a result, have a higher energy consumption for cooling, while scheduled natural 
ventilation maximizes comfort times under free-running in a climate such as that of Concepción. 
KEYWORDS: Office building, Thermal transmittance, Thermal envelope; Adaptive comfort; Natural ventilation 
 
 

1. INTRODUCTION  
Improving the thermal properties of buildings to 

reduce energy consumption is key to comply with the 
commitments of the 2015 Paris Agreement and the 
UN’s Sustainable Development Goals, with buildings 
being responsible for 36% of the energy used and 39% 
of energy-related CO2 emissions [1]. Hence, it is key 
that countries guarantee an acceptable energy 
performance of buildings through their regulations [2]. 
In 2018, 73 countries had obligatory or voluntary 
building codes [1]. However, it must be considered 
that in many of these, including Chile, not all uses have 
to comply with thermal standards. In fact, in Chile, this 
is only required for residential use and for public 
buildings designed and built by the Housing and 
Urbanism Ministry (MINVU) and the Public Works 
Ministry (MOP). According to Chile’s Energy Policy for 
2050, 100% of new buildings at this date, must follow 
OECD standards, with control systems and smart 
energy management [3]. For this reason, it is 
important to work on implementing thermal strategies 
in order to limit energy use in all building types. 

In Chile, the thermal standard is mainly based on 
establishing transmittance values to envelope 
elements, regulated by climate zones. The first 
regulation for this, implemented in 2006, is found in 
the General Urbanism and Construction Ordinance 
(OGUC, in Spanish), which regulates the envelope of 
residential buildings [4]. Different standards and 
certifications have been added later which provide 
new reference values for the thermal requirements. In 

this way, the Standardized Terms of Reference (TDRe, 
in Spanish) were developed in 2011, with Energy 
Efficiency and Environmental Comfort parameters for 
MOP works and design tenders [5]; the Environmental 
Decontamination Plan (PDA, in Spanish) [6], an 
environmental management tool to reduce the 
presence of contaminants in saturated areas, 
introduced in some areas from 2010; the update of 
Chilean Standard, NCh 1079 in 2019 [7], which 
regulates transmittance values considering the 9 
thermal zones in the country; certifications like the 
Sustainable Building Certification (CES, in Spanish) [8], 
present since 2014. 

Regarding the implementation of standards to 
regulate the thermal transmittance of the envelope (U 
value), the results of a research project based on the 
simulation of the NCh 1079/2008 standard (values 
updated in 2019) for different climate zones, 
concludes that the higher energy demand in the 
country is from heating, due to the low transmittance 
value requirement [2], and that the energy used by 
buildings is mainly determined by the thermo-physical 
properties of the envelope [9]. 

For the Concepción climate, with broad 
temperature ranges between summer and winter, a 
more demanding transmittance value could lead to 
indoor overheating issues in summer. This is why 
natural ventilation conditions, one of the most 
effective cooling strategies, need to be evaluated, 
considering an energy consumption reduction of 
between 30% and 40% compared to buildings with 

 

mechanical ventilation [10], apart from giving 
occupants a comfortable thermal condition and a 
healthy indoor environment [11]. Previous studies 
made using simulations have managed to determine 
the effectiveness of natural ventilation, establishing 
that, with strategies like nighttime cooling by 
ventilation, even a significant thickening of the 
insulation does not have any impact on the length of 
hours of discomfort [12]. On the other hand, on 
broadening building operation temperatures by 
between 1°C and 3°C, there would be a significant 
energy saving with a lower cost than with ventilation 
systems, maintaining the indoor thermal comfort 
levels of the occupants [13]. In this regard, the 
incorporation of Adaptive Comfort Standards (ACS) in 
ASHRAE 55 allows having warmer indoor 
temperatures for buildings with natural ventilation 
during summer, producing, through the combination 
of the indoor space environment and personal factors, 
acceptable thermal environmental conditions for 80% 
or more of the occupants, defining “acceptable” as the 
satisfaction associated with “slightly warm”, “neural”, 
and “slightly cool” thermal sensations [14]. 

The goal of this research is to evaluate the 
influence that the thermal standards of the envelope, 
and the ventilation levels, have on the percentage of 
acceptability of adaptive thermal comfort at 80%. 
 
2. METHODOLOGY  

An open plan 100 m2 building was taken as a 
reference to perform this study (considering that this 
is a limited surface to perform the study and that it can 
have a complete architectural set up for an office 
building, including a meeting room, kitchenette, and 
restrooms). This was done to focus the research solely 
on the elements of the envelope, avoiding the 
influence of interior partitions on the results. A 
compact volume of 10x10m was projected (to foster 
energy saving), with a gable roof (typical of rainy zones 
in Chile), and a maximum ridge height of 6 meters 
(average height for buildings with 1 to 2 floors). 

2 case studies were put forward considering the 
conditioning factors of the building’s surroundings: 
- Analysis scenario including the surroundings (IS): 

Theoretical volume considering north and west 
sunlight blocking, using 2-level volume, at a 
distance of 1.5m and 3m, respectively. 

- Analysis scenario excluding surroundings (ES). 

IS: 
Theoretical 
volume 
including 
surroundings 

 

ES: 
Theoretical 
volume 
excluding 
surroundings 

 

Figure 1: 3D model including (IS) and excluding (ES) 
surroundings, used in the DesignBuilder software 
simulations. 
 

Simulations were made using the DesignBuilder 
program, considering the climate file of the city of 
Concepción, Chile (Maritime Mediterranean according 
to the Köppen- Geiger classification). The use of 
heating and cooling is excluded, and mechanical and 
natural ventilation is used under a mixed-mode 
system. With regard to the occupation load, this was 
set for a period of 1 year, with daytime use of 1,920 
hours (8 hours of work a day, 5 days a week, 12 months 
a year). 

A minimum ventilation flow of 0.3 l/s x m2 and 2.5 
l/s x person was used for the IS and EW cases with 
scheduled ventilation (as per the ASHRAE 55-2017 
standard, Table 6-1: Minimum ventilation ratios in 
breathing zones for office spaces). A second analysis is 
proposed considered 50% window opening, to 
determine the variations of the thermal comfort 
acceptability percentage. 

To analyze thermal acceptability, the ASHRAE 55 
thermal comfort model was used with an acceptability 
range of 80% in free running. 

An equipment load of 4.5w/m2, metabolic 
conditions defined as “light office work” with a 
metabolic rate of 123w/person and a CO2 generation 
rate of 3.82x10-8, are considered for the programmed 
internal loads, while, a power level of 9.9 w/m2 is 
considered for lighting loads. 

The operating temperatures of the premises and 
the mean weighted operation temperature per hour 
were obtained with the simulations, from which the 
adaptive comfort was assessed using the ASHRAE 55 
standard. This generated 5 hour ranges: hours with 
cold temperatures, under the lower 80% acceptability 
limit; slightly cool hours, between the lower limits of 
80% and 90%; comfort hours, within the 90% 
acceptability; slightly warm hours, between 80% and 
the upper 90%; and hot hours, over the upper 80%. 
With these ranges established, the hours of one year 
were classified, thus establishing the percentage of 
occupation hours in a comfort situation at 80%, 
corresponding to the total hours in a 90% total 
comfort situation, the slightly cool, and the slightly 
warm. Then, analyzing the total comfort percentages 
by standard, an adaptation was made by scheduling 
the calculated ventilation, to check the variation of 
comfort percentages for given standards under free-
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running, on including strategies like opening windows 
in summer. 
  
2.1 Comparison of Standards in the Chilean norm to 
check adaptive thermal comfort percentages. 
 
Table 1. Thermal standards in the Chilean Standard for 
residential and public buildings. 

Standards Roof U 
(w/m²K) 

Wall U  
(w/m²K) 

Window U 
(w/m²K) 

SHGC Light 
transm
ission 

Concepción 
PDA 

0.33 0.60 *1.2 – 
4.4 

0.580 0.744 

Temuco 
PDA 

0.28 0.45 *1.2 – 
4.4 

0.580 0.744 

Coyhaique 
PDA 

0.25 0.35 *1.2- 4.0 0.580 0.744 

OGUC zone 
4 

0.38 1.70 2.4 – 3.6 0.580 0.744 

TDRe 0.40 0.60 1.9 – 3.5 0.580 0.744 

CES 0.70 2.90 3.0 0.580 0.744 

NCh 
1079/2019 

0.33 0.45 2.4 – 3.6 0.580 0.744 

* The U values are set following the maximum window 
percentages by orientation 
 

The thermal standards described in Table 1 were 
used to check the percentages of hours of thermal 
comfort in free running under the Excluding 
Surroundings (ES) and Including Surroundings (IS) 
analysis scenarios. These correspond to the U values 
(roof, walls, and windows, disregarding the thermal 
transmittance of the floor in contact with the ground) 
found in the different Chilean standards that focus on 
reducing energy consumption (OGUC, TDRe, NCh 
1079/2019, CES, PDA), which are mainly required for 
residential buildings, along with buildings put out for 
tender by MINVU and MOP (these values were used as 
there is not a specific standard for private office 
buildings). The transmittance values are those 
established for the Concepción thermal zone. 
However, options for more southernly thermal zones 
(Temuco PDA and Coyhaique PDA) have been 
simulated to evaluate thermal behavior using more 
restrictive U values. 
 
2.2 Simulation using calculated ventilation. 
Once the thermal acceptability percentages obtained 
on simulating the aforementioned transmittance 
standards are analyzed, a second simulation is made, 
that seeks to maximize total comfort, reducing heat 
discomfort by including calculated ventilation. 
Regarding the opening, a 50% percentage is 
calculated, estimating, for example, the use of sliding 

windows (considering the types of main windows and 
the opening size ranges CIBSE 2005 Table 3.2). For the 
simulation, the decision was made to choose 4 of the 
standards presented, considering the following 
criteria: 
- Concepción PDA: Transmittance values in line with 
the study zone, higher heat discomfort percentages 
than the other PDA evaluated (which indicates that the 
total comfort percentages can be improved by 
incorporating natural ventilation). 
- TDRe: Transmittance values in line with the study 
zone (similar to Concepción PDA). This has lower heat 
discomfort levels, as well as being a standard that is 
currently applied for MINVU built office buildings. 
- NCh 1079/2019: High transmittance requirements 
(updated recently in 2019), low total comfort 
percentages, high heat discomfort percentages. 
- CES: Low transmittance requirements (very similar 
to OGUC), low total comfort percentages, similar heat 
and cold discomfort percentages. 
 
3. RESULTS 
3.1 Simulation with the Standards in the Chilean 
Norm and results of adaptive thermal comfort 
percentages 

 
Table 2 presents the results of the adaptative 

thermal comfort comparison between the different 
thermal transmittance standards used in Chile. The 
values in Table 2 show that the highest comfort ranges 
are achieved by applying the Concepción PDA, Temuco 
PDA, and especially, the Coyhaique PDA standards, 
both the IS and the ES case. However, none of the 
standards analyzed reach a total comfort percentage 
above 80% under free-running. The results of the 
Coyhaique PDA standard show total comfort levels 
that are the closest to 80% (IS=60.9% and ES=55.5%). 

 
Table 2: Percentage of acceptability of adaptive thermal 
comfort at 80%, ASHRAE 55-2007 with scheduled ventilation 
(2.5 l/s x person + 0.3 l/s x m²). 

Standard 
Surroun

dings 
Cold 

% 

Slightly 
cool 
 % 

Comfort 
% 

(90%) 

Slightly 
warm 

% 
Hot 
 % 

Total 
comfort 

% 
(80%) 

Concepción 
PDA 

IS 9.1 5.5 39.1 9.7 36.6 54.3 
ES   5.2 4.6 33.7 9.5 46.9 47.9 

Temuco 
PDA 

IS 12.5 7.0 45.0 8.6 26.9 60.6 
ES 8.8 4.9 42.7 8.5 35.1 56.1 

Coyhaique 
PDA 

IS   7.9 5.6 46.4 8.9 31.2 60.9 
ES 4.4 4.5 41.3 9.7 40.1 55.5 

OGUC Z4 

IS 25.6 7.0 37.4 5.8 24.1 50.2 
ES 18.4 5.1 36.2 6.4 33.9 47.7 

TDRe 
IS 18.3 7.9 41.4 7.7 24.7 57.0 
ES 13.3 5.7 40.5 8.1 32.4 54.3 

CES 
IS 31.3 7.0 29.5 4.4 27.8 40.9 
ES 23.9 5.7 28.0 4.4 38.1 38.0 

NCH  
1079/2019 

IS 7.7 4.2 26.7 7.2 54.2 38.1 
NS 4.2 2.8 20.5 5.1 67.4 28.4 

 

 

The results obtained for Temuco PDA (IS=60.6% 
and ES=56.1%) and Concepción PDA (IS=54.3% and 
ES=47.9%) are quite close to those obtained under the 
Coyhaique PDA standard, but with a considerably 
lower demand in the transmittance values. 

Certain more demanding standards for thermal 
transmittance values, such as NCh 1079/2019, have 
lower total comfort ranges compared to less 
demanding standards. In this case, the fall of total 
comfort is mainly due to the heat discomfort levels 
(IS=54.2% and ES=67.4%). However, these have much 
lower cold discomfort percentages (IS=7.7%, 
ES=4.2%). 

The total comfort results of the TDRe standard 
(IS=57.0% and ES=54.3%) reflect comfort percentages 
that are slightly higher than those of Concepción PDA, 
even considering that the transmittance requirement 
is lower in the wall covering, with heat discomfort 
percentages of IS=24.7% and ES=32.4%, and for cold of 
IS=18.3% and ES=13.3%. 

The results of applying the OGUC and CES 
standards have lower total comfort ranges, with the 
cold and hot discomfort levels pretty even, which is 
why it is complicated to improve conditions without 
altering the envelope’s requirement. 

Figure 2 shows a graphical comparison of the 
operating temperatures of the different standards 
used for the simulation. 

In general, the weighted mean temperature is 
between 20°C and 25°C for most of the standards 
simulated. 

It is seen that, on applying the PDA standards 
(Concepción, Temuco, and Coyhaique), the 
operational temperatures remain within the ranges of 
approximately 12°C and 34°C, with Concepción PDA 
having the highest operating temperatures for both 
the IS and ES scenarios. 

The highest temperature variation ranges are 
represented by the CES (7°C-36°C), NCh 1079/2019 
(12°C-41°C), and OGUC (10°C-35°C) standards. 

The operational temperature ranges of the TDRe 
standard are similar to those of Concepción PDA. 
However, under the ES scenario, the temperature 
reaches levels that are slightly higher in the PDA’s case 
(due to the higher transmittance requirement and, as 
a result, higher overheating in the scenario without 
sunlight blocking).  

Regarding the weighted mean temperature, in the 
case of the 3 PDA standards analyzed, under IS 
scenarios, this is between 22°C and 24°C. Under ES 
scenarios, a slight rise in the mean temperature is 
seen, due to overheating in summer, with the same 
situation occurring in the TDRe results. 

In the case of the NCh 1079/2019 standard, with a 
higher requirement in the thermal transmittance 
values, the average temperatures rise 25°C and 27°C, 
for the IS and ES scenarios, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Operating temperatures. 
 
3.2 Case simulation using calculated ventilation 

On simulating the Concepción PDA, TDRe, 
NCh1079/2019, and CES standards with calculated 
ventilation, the results show there is a significant 
difference with the previous comfort ranges. 

Table 3 presents the results of the adaptive 
thermal comfort comparison for the different thermal 
transmittance standards used in Chile, incorporating 
calculated ventilation with 50% window opening. 

 
Table 3. Adaptive thermal comfort acceptability 

percentages at 80%, ASHRAE 55-2007. Improved case with 
ventilation flows calculated with 50% window opening. 

 

Standard 
Surroun

ding 
Cold 

% 
Slightly 
cool % 

Comfort 
% 

(90%) 

Slightly 
warm 

% Hot % 

Total 
comfort 

% 
(80%) 

Concepción 
PDA 

IS 8.9 5.5 74.6 7.2 3.8 87.3 
ES 8.7 4.5 67.2 9.9 9.8 81.5 

TDRe 
IS 16.5 7.2 66.6 6.4 3.4 80.2 
ES 14.2 6.5 66.5 8.0 4.7 81.0 

CES 
IS 26.4 6.7 46.8 8.3 11.7 61.9 
ES 22.6 5.1 42.8 10.9 18.6 58.7 

NCH  
1079/ 2019 

IS 10.4 3.7 59.5 10.2 16.3 73.3 
ES 8.9 3.3 51.9 12.8 23.0 68.1 

 
On revising the results of Table 3, it can be 

established that, both the PDA and TDRe standards, 
reach levels above 80% of total comfort in a building 
with natural ventilation in the city of Concepción. 

Regarding more restrictive transmittance values, 
such as in NCh1079/2019, ranges above 80% total 
comfort are not reached, due to the high indoor 
overheating, which is reflected in the heat discomfort 
percentage (IS=16.3% and ES=23.0%). 

For the less restrictive envelope transmittance 
values, as in the CES, ranges above 80% total comfort 
are not reached due to the cold discomfort (IS=26.4% 

 Te
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and ES=22.6%) and hot discomfort (IS=16.3% and 
ES=23.0%) percentages. 

Figure 3 presents a graphical comparison of the 
operating temperatures of the 4 standards analyzed 
under free-running with ventilation calculated using 
50% window opening. 

It is seen that the lowest operating temperature 
variations are given by the Concepción PDA standard. 
With regard to TDRe under the IS scenario, a higher 
percentage of cold hours is seen. This is the result of 
sunlight blocking alongside less demanding 
transmittance values. As for the temperatures seen 
under the NCh 1079/2019 standard, although the 
average mean temperatures are similar to those seen 
for Concepción PDA, in summer it can have 
temperatures over 30°C. 

Regarding the temperatures observed under the 
CES standard, although comfort ranges rise under 
natural ventilation, the operational temperature 
ranges are too broad due to the low transmittance 
value requirements. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Operating temperatures with calculated 
ventilation. 
 
4. CONCLUSION 
4.1 Application of standards 

The standards implemented by Chile for energy 
saving in buildings, have mainly been focused on 
thermal transmittance values, improving conditions in 
winter months, where the heating requirement is 
more demanding, but disregarding thermal comfort in 
summer. 

According to the results of the different standards 
analyzed, which have higher demands for the U value, 
lower cold discomfort levels will be obtained in winter. 
However, in summer, these standards have high heat 
discomfort percentages, due to indoor overheating. 
On the contrary, a low U value requirement will obtain 
higher comfort ranges in summer as a result of its 
higher thermal loss capacity through the envelope 
and, for the same reason, high discomfort levels in 

winter. As a result, none of the standards presented in 
the first paragraph manage to reach total comfort 
ranges of 80% under free-running, as they do not 
include optimal cooling strategies to maintain indoor 
comfort levels in summer. 

The results of the simulation including 
surroundings show a reduction of overheating in the 
summer months, giving higher comfort ranges than 
the simulations excluding surroundings. This is 
important when considering the design of an office 
building, as it can mean that a higher number of north 
and west-facing windows increases indoor 
overheating in summer. 
 
4.2 Incorporation of calculated ventilation 

Given the climatic conditions of Concepción in 
summer, time in comfort can be maximized by 
incorporating natural ventilation strategies, regulating 
overheating through the insulation of the thermal 
envelope. However, on facing very demanding 
transmittance values, opening windows when these 
are occupied does not generate the necessary cooling, 
which is why it can be concluded that, unlike what has 
been suggested by other research [2][9], more 
restrictive thermal transmittance values do not always 
achieve higher comfort and energy saving 
percentages, since, to reach comfort ranges above 
80% in summer, HVAC systems are needed to regulate 
heat discomfort, which means that, to reach the 
operation of a building under free-running in template 
maritime climates, there must be a balance between 
thermal transmittance values and natural ventilation 
regulation. 
 
DISCUSSION 

Through this research, it is seen that some of the 
current standards for other purpose buildings, may be 
suitable to improve the thermal comfort conditions of 
free-running office buildings in Concepción. This 
article allows opening up the discussion on the 
possible standards to implement for the thermal 
envelope of office buildings in Chile to contribute to 
energy saving, as well as to standardize the 
implementation of natural ventilation strategies and 
not just thermal transmittance values, since, as has 
been concluded in this research, a lower thermal 
transmittance value does not ensure higher comfort 
percentages and, therefore, a lower energy 
consumption. 

This study has been made in a given zone in the 
south of Chile, where for over 60% of the year, winds 
exceed 9 m/s (information obtained using the 
Weather Tool software), which is why it is necessary to 
study adaptive comfort under free-running with 
natural ventilation in other climatic areas of Chile, to 
establish whether the strategy outlined is effectively 
replicable in other areas. In this regard, it is important 
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to discuss the operation and window size in office 
buildings, through which comfort ranges could be 
improved depending on the climatic zone where the 
building is located. 
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ABSTRACT: This study was conducted to assess the effectiveness of Passive Displacement (PD) systems based on 
the perspective of thermal comfort experienced by the occupants. The objective of the study was to measure and 
validate the thermal comfort performance of three different designs of passive displacement cooling equipment 
through objective measurements of dry bulb temperature, air velocity and humidity measurements across 
different heights and locations within the space. The average values were then used to compute the Predicted 
Mean Vote (PMV) Index, which an index that predicts the mean value of the votes of a large group of persons on 
the seven-point thermal sensation scale. Concluding from the analysis of the accumulated data, Design B is the 
optimal choice that fulfils the thermal requirements in accordance with guidelines. While, Design A has shown to 
have the huge potential for large-scale cooling applications due to the significantly higher cooling capacity and 
feasibility of operating at higher setpoint temperatures for the supplied chilled water 
KEYWORDS: Passive Displacement Coil, PDCU System, Thermal Comfort, Performance Evaluation, 
 
 

1. INTRODUCTION  
Passive Displacement Cooling (PDC) is an 

innovative air-cooled distribution system which relies 
on the principle of natural convection of heat transfer 
without a need for mechanical fans to deliver chilled 
air to the end user.  

This system cools the space at high level (ceiling) 
installations where the cooled and heavier air sinks 
down in the space and moves horizontally above- 
ground level to the heat sources in the room which 
may include equipment, furniture, and occupants. 
These heat sources then heat up the air and cause it 
to rise and be drawn back to the cooling coil at the 
ceiling level. This repetitious cycle induces air 
circulation in the space resulting in improved thermal 
comfort levels for the occupants [1]. 
 
1.1 Research objective  

The study seeks to measure and validate the 
thermal comfort performance of three different 
designs of Passive Displacement Cooling equipment 
through objective measurements of dry bulb 
temperature, air velocity and humidity 
measurements across different heights and locations 
within the space. 
 
1.2 Research methodology 

The experimentation and study were conducted 
throughout a duration of two weeks within a mock-
up of a small, enclosed room with an ensuite 
bathroom inside a warehouse. The total surface area 
amounts to 18m2 with a floor-to-ceiling height of 3m. 

All lighting fixtures in the room were kept operational 
throughout the experiment to serve as internal heat 
loads for the space.  

The room does not have walls that are exposed to 
outdoor environment and/or direct solar radiation. 
The spaces adjacent to the room are unused non-air 
conditioned and not affected directly to outdoor 
environment either. Therefore, the heat gain to the 
room is minimal, except a minimum amount of air 
infiltration from the gap under the room entrance 
door. This has the purpose to keep the room within 
the same boundary conditions when the performance 
of different PDC design configurations were 
compared.  

Figure 1:  
Layout of the test space and PDC design configurations. 

 
 

Each of the three PDC design configuration in the 
room is designed with a dedicated set of chilled water 

 

 

supply and return piping. The chilled water for the 
experiment is supplied by an air-cooled portable 
condenser unit with a cooling capacity of 7.6kW at a 
supply temperature of 7°C. 

1.3 PDC design configurations 
The different configurations of the PDC system 

consists of variations in the coil quantity and fall duct 
design. Figure 2 illustrates the distinct nature of each 
configuration. 

Figure 2:  
PDC system of three different design configurations. 

 

Design A features a dual coil configuration with a 
cooling capacity of 1.8kW that is ceiling mounted 
with a fall duct is installed at the outlet of the PDC 
system to serve as an extension of the system. 
Designs B and C feature a single coil configuration 
with a cooling capacity of 0.9kW. The former is 
installed at the ceiling level in a corner of the room 
and flushed with the adjacent wall with the outlet of 
the supplied air located at the ground level, while the 
latter is located at the mid-wall in another corner of 
the room and features an extended fall duct of 55cm 
in length parallel to the adjacent wall. 
 
1.4 Boundary conditions 

The experiment consisted of six different 
scenarios, each with a running duration of nine hours, 
and two different boundary conditions to be 
validated. The first round consisted of three scenarios 
conducted at a room temperature setpoint of 18°C to 
test the limit of the PDC system’s cooling capability at 
the lowest operable setpoint temperature. The 
remaining three scenarios were conducted at the 
optimum room temperature setpoint of 23°C in 
accordance with local guidelines for day-to-day 
operating conditions.  

Table 1:  
Summary of scenarios and boundary conditions of the 
experiment. 

 

Table 1 summarizes the scenarios and conditions 
of the experiment. 

The human load was represented by a 25-year-old 
female with an outfit of T-shirt, jacket and long jeans 
situated in front of a working desk next to the toilet. 
Light desk activity was carried out with a laptop in a 
seated position. 

In addition, prior to the start of each scenario, the 
room door was left open for a duration of 12 hours to 
allow purging and reset of room conditions to the 
neutral before the commencement of data collection 
during the daytime, between 0900HRS and 1800HRS. 
 
1.5 Measurement sensors 

Sensors measuring the measured dry bulb 
temperature, relative humidity, air velocity, mean 
radiant temperature were deployed uniformly across 
the space to form the PMV equation which is critical 
in determining thermal comfort of the occupants in 
an objective measurement setting. Figure 3 shows 
the overview of the deployed sensors and Figure 4 
shows the legend of the indicated symbols. 

Figure 3:  
Overview of the deployed sensors in the room 

  
 

Figure 4:  
Legend of the indicated symbols in the overview 

 
1.5.1 Thermal stratification measurement 

A total of five stratification stands, 2.4m in height, 
were constructed out of PVC pipes to serve as column 
support for room temperature, relative humidity, and 
air velocity sensors.  
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On each stratification stand is four bi-functional 
(temperature and relative humidity) sensors installed 
in 0.5m intervals.  

The purpose of this sensor arrangement is to 
allow understanding of the temperature stratification 
in the space vertically that is experienced by a typical 
occupant in a standing position, on different zones of 
the body. Due to the natural convection theory of air 
movement, the space at the higher heights from the 
ground would be warmer than that of lower heights.  

The air velocity sensors were installed at the 
height of 1.5m on Stands 1, 3 and 5 to detect the 
movement of air at the breathable zone of an 
occupant at a standing position. Figure 5 shows the 
setup of a stratification stand and its representation 
of different zones of an occupant’s body. 

Figure 5:  
Typical setup of a stratification stand and representation of 
different zones 

 
1.5.2 Mean radiant temperature measurement 

A multi-functional climate measuring instrument 
was setup in the centre of the room at a height of 
1.5m to primarily measure the mean radiant 
temperature, relative humidity, and air velocity. 
Figure 6 shows the setup overview of the instruments 
and stands within the room. 

Figure 6:  
Overview of the setup of instruments and stands within the 
room 

 
 

1.5.3 Weather data measurement 
A bi-functional measurement probe was installed 

at the exterior of the experimentation premises to 

measure the dry bulb temperature and relative 
humidity of the outdoors. The purpose was to 
determine the significance of the impact of weather 
conditions on the chilled water supply of the PDCU. 
 
2. RESULTS AND DISCUSSION 

This section discusses and analyses the recorded 
data throughout all six of the experiment scenarios 
that was carried out at the room temperature 
setpoints of 18°C and 23°C respectively. Feedback by 
a participant on the thermal comfort of the room has 
also been analysed as data for subjective analysis. 

 
2.1 Chilled Water Supply (CHWS) Temperature 

According to the trends of the data collected 
based on the CHWS and outdoor dry bulb 
temperatures, it is observed that there was 
significant co-relation between them. The CHWS 
temperature of the PDCU fluctuates in a similar 
pattern with that of the outdoor dry bulb (DB) 
temperature. This trend is especially stark for the 
dual coil configuration of Design C. 

Figure 7:  
CHWS temperature trending of Design C with the 
corresponding outdoor dry bulb temperature 

 
From the chart (Figure 7), the outdoor DB 

temperature was of a decreasing trend from 1200HRS 
to 1500HRS of Day 5. In relation, the CHWS 
temperature of Design C reacted with a similar 
decreasing trend.  

On the other hand, the outdoor DB temperature 
of Day 6 showed an increasing trend from 1000HRS to 
1400HRS. The CHWS temperature followed the same 
trend throughout the same span of time.  
 
2.2 Room temperature setpoint of 18°C  

The purpose of a setpoint of 18°C was to test the 
limit of the PDC system’s cooling capability at the 
lowest operable setpoint temperature. 

The presence of a human load in the room was 
observed to be an insignificant factor affecting the 
overall heat load of the space. The recorded data 
shown the differences to be approximately 1% in 
margin and negligible. 

 
2.2.1 Temperature distribution of the space at 1.5m 

The temperature distribution of the space was 
analysed at a standardized height of 1.5m from the 

 

 

ground based on the boundary conditions to develop 
understanding of the temperature flow pattern 
within the space at different time intervals 
throughout the day.  

Generally, throughout the day, Design A was able 
to lower the temperature of the room at the greatest 
extent, averaging at a value of 23.5°C during the 
hottest period of the day in the early afternoon.  

Design B, averaging at a value of 25.9°C in the 
same period, was observed to be the least effective in 
lowering the room temperature. Design C measured a 
median average distributed temperature of 24°C. 

 Figure 8 shows the temperature and RH 
distribution (with the scale and legend) in the 
presence of a human load for each of the designs at a 
time of 1400HRS, in the hottest period of a day. 

Figure 8:  
Temperature and RH distribution for all three designs at 
1400HRS at setpoint of 18°C 

 
 
These differences in temperatures have shown 

that the configuration and positioning of the PDCU 
can significantly affect the system cooling capability. 

Variation of the recorded %RH distribution within 
the room was shown to be low and contained at 5%. 
All three designs were able to keep levels at below 
50% with Design C slightly more effective in terms of 
latent cooling. 

 
2.2.2 Temperature and RH stratification of the room 

Throughout the experiment, it has been observed 
that the room temperature and RH are of a near-
inversely linear relationship along the different height 
intervals of measurement of the stratification stands.  

Corresponding with the results of the 
temperature distribution in the space at the height of 
1.5m, Design A was observed to generate a 
temperature stratification of the smallest and lowest 
average range of 22°C at 0.5m to 23.5°C at 2m. In 
relation, the RH stratification was also at the smallest 
average range of 51% at 0.5m to 47% at 2m. Figure 9 
shows the temperature and RH stratification of 
Design A based on the five stands. 

Design B generated the steepest as well as largest 
temperature and RH stratification with an average 
range of 22.7°C and 52% at 0.5m to 26.1°C and 45% 
at 2m respectively. Figure 10 shows the charts for 
temperature and RH stratification of Design B. 

Design C generated a median temperature and RH 
stratification with an average range of 21.7°C and 
48% at 0.5m to 24.5°C and 43% at 2m respectively. 
Figure 11 shows the charts for temperature and RH 
stratification of Design C. 

Figure 9:  
Temperature and RH stratification of Design A at setpoint of 
18°C 

 
Figure 10:  
Temperature and RH stratification of Design B at setpoint of 
18°C 

 
Figure 11:  
Temperature and RH stratification of Design C at setpoint of 
18°C 
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2.3 Room temperature setpoint of 23°C  
The purpose of a setpoint of 23°C was to evaluate 

the capability of the PDC system under routine 
operating conditions and heat-loading. 
 
2.3.1 Temperature distribution of the space at 1.5m 

The pattern and trend of the temperature for the 
space throughout the day was observed to be highly 
similar to those at the setpoint of 23°C.  

Throughout the day, Design A could maintain the 
temperature of the room just below the setpoint. 
Even during the hottest period of the day in the early 
afternoon, the average distribution of the space was 
22.7°C.  

Design B, averaging at a value of 23.1°C in the 
same period, was observed to be the most effective 
in maintaining the room temperature close to the 
setpoint. Design C measured a highest average 
distributed temperature of 23.5°C. 

 Figure 12 shows the temperature and RH 
distribution (with the scale and legend) in the 
presence of a human load for each of the designs at a 
time of 1400HRS, in the hottest period of a day. 

Figure 12:  
Temperature and RH distribution for all three designs at 
1400HRS at setpoint of 23°C 

 
 
The %RH distribution within the space was kept 

within an average range of between 45% and 50%, 
similarly to that of the setpoint at 18°C.  
 
2.3.2 Temperature and RH stratification of the room 

Similar trends and stratification for the 
temperature and RH of the room were observed in 
comparison with the results from Section 2.2.2. 

Design A was observed to generate a temperature 
stratification of the smallest and lowest average 
range of 21°C at 0.5m to 23°C at 2m. However, the RH 
stratification was also at the largest average range of 
52.5% at 0.5m to 48% at 2m. Figure 13 shows the 
temperature and RH stratification of Design A based 
on the five stands. 

Design B generated the steepest as well as largest 
temperature and RH stratification with an average 
range of 20°C and 52% at 0.5m to 23.5°C and 45% at 
2m respectively. Figure 14 shows the charts for 
temperature and RH stratification of Design B. 

 
 

Figure 13:  
Temperature and RH stratification of Design A at setpoint of 
23°C 

 
Figure 14:  
Temperature and RH stratification of Design B at setpoint of 
23°C 

 
Figure 15:  
Temperature and RH stratification of Design C at setpoint of 
23°C 

 
Design C generated a median temperature and RH 

stratification with an average range of 21.5°C and 
50% at 0.5m to 24°C and 44.5% at 2m respectively. 

 

 

Figure 15 shows the charts for temperature and RH 
stratification of Design C. 

 
2.4 Air velocity of the room  

Collected data on the air velocity trend within the 
space had shown that, despite fulfilling the 
SS554:2016 regulation: Table 1 – Recommended IAQ 
Parameters where the acceptable limit of the air 
movement is below 0.3m/s, the generated draft was 
consistently very low across all three designs, within a 
range of 0m/s to 0.04m/s [2]. Figure 16 shows a 
typical measured air velocity at the location of each 
of the 5 stands at the height of 1.5m. 

Figure 16:  
Typical measurement of air velocity in the room 

 
 

2.5 PMV and PPD  
The derivation of the PMV value considers the 

main variables for a cooling system - air velocity, 
humidity, and temperature. The PPD results are 
dependant on the PMV values.  

Based on the average values of the measured data 
in the experiment, the derived results have shown 
that Design A would be deemed as significantly too 
cold for an occupant with a PMV of -1.44 and PPD of 
47.87. Design B was the ideal design with a PMV of -
0.36 and PPDC of 8.26. Design C was the median with 
a PMV of -0.78 and PPD of 18.41.  

According to AHSRAE 55, the acceptable thermal 
comfort conditions call for a PMV range between -0.5 
and 0.5, with a PPD value of under 10 [3]. Table 2 
shows the summary of derived results for all three 
designs. 

Table 2:  
Derived PMV and PPD values for all three designs 

 

3. CONCLUSION  
In this experiment, Design B has shown to be the 

most optimal for routine operations based on the 
data and analysis of the various critical parameters.  

It was able to maintain room temperatures very 
closely within the setpoint, and the corresponding 
derived PMV values were well within the ASHRAE 
range of between -0.5 and 0.5, under 10% of the 
average PPD. 

However, Design A has shown to have the huge 
potential for large-scale cooling applications due to 
the significantly higher cooling capacity and feasibility 
of operating at higher setpoint temperatures for the 
supplied chilled water  
 
4. Future Study  
A further research and performance study of Dual-
coil PDC system were planned to evaluate its design 
parameters, such as fall duct geometry design, 
supplied chilled water operating condition, and 
various internal heat source. The study will be done 
through CFD simulation, testing in accredited 
controlled lab environment and actual 
implementation in a building. 
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Towards occupant-driven district energy system operation 
A digital twin platform for energy resilience and occupant well-being  

 
MARTÍN MOSTEIRO-ROMERO1,2, PRADEEP ALVA1,2, CLAYTON MILLER3 AND RUDI STOUFFS1 

 
1 Department of Architecture, National University of Singapore, Singapore 

2 Singapore-ETH Centre, Future Resilient Systems, Singapore 
3 Department of the Built Environment, National University of Singapore, Singapore 

 
 

ABSTRACT: This paper presents a digital twin of a university campus in Singapore as a demonstrator for a digital-
twin enabled approach to district energy resilience. This paper focuses mainly on the development of the building 
energy and occupancy models in the digital twin, which are complemented by a user interface for real-time data 
visualization and scenario assessment. The building energy demand model of the case study area was calibrated 
using measured hourly cooling and electricity data collected in the case study area. Occupant presence was 
estimated using WiFi connection counts, and a simple regression model was developed to assign electricity loads 
as a function of occupant presence and time of day. The digital twin’s scenario assessment capabilities were 
explored through scenarios on the long-term effects of climate change and of the increase of remote working and 
studying as a result of the COVID-19 pandemic. Four different “work-from-home” cases were considered, and three 
different building operation strategies were assumed for each case. The results show that a decrease in building 
occupancy post-COVID-19 would lead to minimal space cooling savings in the case study area unless building 
operation was proactively adjusted to adapt to the new needs of the campus. 
KEYWORDS: Urban building energy modelling, Occupancy modelling, Energy resilience, Digital twins 
 
 

1. INTRODUCTION 
With the increasing frequency and magnitude of 

major disruptive events in urban areas, the resilience 
of the built environment against climate change 
impacts and associated disruptions has received 
increasing attention in recent years [1]. As a low-
lying, tropical island with a hot and humid climate, 
Singapore is particularly vulnerable to the impact of 
climate change [2]. In order to mitigate the effects of 
climate change on building occupants’ health and 
well-being, resilient cooling is of principal 
importance to maintain indoor environmental 
quality against unexpected events such as extreme 
weather conditions, heat waves, and power outages 
[3]. Such vulnerabilities have been compounded by 
the COVID-19 pandemic and the societal shifts it has 
caused, leading to changes in the way energy is used 
and therefore putting further stress on existing 
energy infrastructure. 

As a demonstrator for a digital-twin enabled 
approach to district energy resilience, a digital twin 
of a university campus in Singapore is under 
development. The campus, shown in Figure 1, 
includes a variety of building use types, including 
classrooms, laboratories, offices and residential 
buildings as well as a variety of amenities. The area 
is currently served by a number of district cooling 
networks of different scales. The digital twin will 
form the basis for a new approach to evaluate the 

vulnerability, efficiency, and resilience of future 
urban districts in the tropics. 

This paper presents the framework and ongoing 
work on the construction of the digital twin of the 
campus’ building stock. Special focus is given to the 
development of the building energy model 
developed for the digital twin and the assessment of 
sample scenarios on the effects of long-term 
changes in occupancy patterns as a result of the 
COVID-19 pandemic and increased temperatures 
due to climate change. 

 
Figure 1: 
Screenshot of the digital twin dashboard showing the case 
study area. 

 
 

2. DIGITAL TWIN SCOPE 
A digital twin is a virtual representation of a 

physical system (and its associated environment and 
processes) that is updated through the exchange of 
information between the physical and virtual 
systems [4]. Originating in the aerospace field, the 

 

digital twin concept has found applications in a 
number of different sectors, including health, 
meteorology, manufacturing and process 
technology, education, cities, transportation, and 
energy [5]. A number of works in the literature have 
focused on the development of digital twins to aid 
urban planning and citizen engagement [6, 7, 8, 9]. 
Digital twins have also found applications in district 
energy systems, particularly in system planning [10], 
energy management and optimization [11], and 
model predictive control [12, 13]. 

The present project seeks to study how both 
buildings and energy systems can help build 
resilience through coupling advanced numerical 
models and real-time data. As a first step in the 
development of this framework for district energy 
resilience, this paper focuses on the digital twin of 
the built environment. Previous work shows heat 
waves, power outages, and pandemics are some of 
the main types of disruptions affecting the built 
environment [3]. In order to demonstrate the 
possibilities of the approach presented, the long-
term effects of climate change and the shift to 
increasingly working from home after the COVID-19 
pandemic on the energy demands of a district were 
selected as test cases for this project.  
 
3. METHODOLOGY 

The digital twin comprises a user interface for 
real-time data visualization along with physical 
models of the buildings in the district, their 
occupants, and the energy demands that arise as a 
result of their activities. The platform is therefore 
intended to allow planners and system operators to 
not only analyze the district’s past and present 
energy performance, but also interact with the 
systems and explore the effect of different 
disruption scenarios through simulations. 

This paper focuses mainly on the development of 
the building energy and occupancy models in the 
digital twin. The development of the digital twin 
dashboard and data visualization capabilities has 
been detailed in a separate publication [14]. 
 
3.1 Physical model of the case study 

As a first step, simplified three dimensional 
models of each building were created from building 
footprints obtained from OpenStreetMap (OSM) 
[15], which occasionally included each building’s use 
type and number of floors. For most buildings, 
however, these had to be filled in based on openly-
available information from the university and visual 
inspection. These polygons were then extruded to 
their building heights and converted into CityGML to 
form the basis of the physical model of the area. 
Detailed BIM models were available for a few 
buildings on the campus, which were also 

incorporated into the model using an IFC to CityGML 
work pipeline [16]. 
 
3.2 Building energy demand model 

In order to project future demands in the case 
study district under different scenarios, a building 
energy demand model of the case study area was 
developed using the open-source tool City Energy 
Analyst (CEA). This tool was selected due to its 
lightweight energy demand model and simplified 
inputs. This software has previously been used to 
assess the effects of local climate and changes in 
occupancy patterns on energy demand, both 
desirable characteristics in this project.  

Since detailed information about the building 
envelope and system operation were not available, 
these parameters were assigned using brute force 
calibration with discrete input parameters obtained 
from the CEA archetypes database. The parameters 
to be calibrated were selected from a previous 
sensitivity analysis of the tool’s thermal models [17]. 
The calibration parameters and ranges used in this 
step are shown in Table 1. 

 
Table 1: 
Calibration variables and their corresponding ranges. 

Parameter Minimum Maximum Increment 
Cooling set point 
temperature [°C] 17 29 1 

Cooling set back 
temperature [°C] 17 29 1 

Window-to-wall 
ratio [-] 0.29 0.89 0.1 

Infiltration rate 
[h-1] 1 6 1 

Window U-value 
[W/(m2⋅K)] 1.8 5.4 [-]1 

1 Only three types of windows from the CEA database 
were considered, with U-values 1.8, 2.2, and 5.4. 
 

Each combination of parameters was input into 
the CEA energy demand model and the resulting 
coefficient of variation of root-mean square error 
(CV(RMSE)) was calculated. For this calculation, 
hourly measurements of electricity and cooling 
demands from 2018 were available, as well as 
measured data from one building from early 2020 
(before the start of the COVID-19 pandemic). The 
calibrated model's performance was then assessed 
based on the benchmark values in AHSRAE Guideline 
14 [18], that is, a building energy model was 
considered well-calibrated if the CV(RMSE) was 
below 30% for hourly calibration data. The resulting 
model performance before and after calibration is 
shown in Figure 2. 
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Figure 2: 
Calibration results for 35 buildings in the case study area. 
The recommended CVRMSE threshold for hourly 
calibration is shown by a dashed black line. 

 
 
3.3 Building occupant modeling 

The calibrated building energy models are 
successively populated by building occupants with 
an assumed electricity consumption demand per 
occupant. Occupant presence was first estimated 
using WiFi connection counts from each building in 
the case study, using an approach similar to a 
previous study [19]. First, k-means clustering was 
used to assign typical WiFi connection profiles to 
each day of the year, generating a yearly profile of 
occupancy that differentiated between weekdays, 
weekends, and public holidays, as well as between 
semesters and holiday periods. The measured 
electricity loads were then used to fit a simple 
regression model, where plug loads were assumed 
to be directly proportional to occupant presence 
whereas lighting was assumed to be a function of the 
time of day. These occupant profiles and electricity 
demand schedules are then inputted back into the 
building energy demand model for the thermal load 
calculation. 
 
3.4 Visualization platform 

In order to allow users to explore and interact 
with live data and simulated results, a digital twin 
dashboard was created as web map application. 
Time-based sensor data are stored in an open-
source, cloud-native serverless platform accessed 
through a robust API to display high-frequency 
building information. Simulation results and live data 
are displayed on the dashboard through Highcharts, 
a multiplatform charting Javascript library. The 
resulting dashboard is shown in Figure 1. A more 
detailed description of the construction of the digital 
twin dashboard can be found in the aforementioned 
publication [14]. 

 
4. CASE STUDY DISTRICT AND AVAILABLE DATA 

Although the full digital twin comprises 362 
building structures, this paper focuses on the 
buildings for which the full dataset is available that is 
required for the development of the building energy 

model, calibration and occupant modeling. The 
location and main building function of the 35 
buildings for which both cooling and electricity 
meter data as well as WiFi counts were available are 
shown in Figure 3. Their function in CEA was mostly 
assigned the “UNIVERSITY” use type, which 
encompasses mixed classroom/research buildings. 
Other buildings include libraries and a performance 
hall. 
 
Figure 3: 
Distribution and main use type of the 35 buildings 
considered in this analysis. 

 
 

5. RESULTS 
As a test case for the digital twin platform, 

different scenarios were defined in order to explore 
the long-term effects of climate change and of the 
increase of remote working and studying as a result 
of the COVID-19 pandemic. The R package epwshiftr 
[20] was used to generate future weather files for 
Singapore using Coupled Model Intercomparison 
Project Phase 6 (CMIP6) data. Four different “work-
from-home” cases were considered (0%, 25%, 50% 
and 75%) and in each case the predefined 
percentage of students and employees were 
assumed to stay at home, consequently reducing the 
share of occupancy in university and office buildings. 
Furthermore, three different building operation 
strategies were assumed for each of these cases in 
order to assess how building operators might affect 
the cooling demands of the case study area in each 
scenario: “no change”, whereby buildings are 
operated normally in spite of the decrease in 
occupancy; “operational floor area”, whereas only 
the share of the building floor area that is actually 
occupied is conditioned; and “selective closure”, 
whereby those occupants who do go to work or 
study on campus are assumed to be rerouted to 

 

specific, fully-occupied buildings, and all other 
buildings are assumed to be closed. 
 
5.1 No change in building operation 

The results of the first scenario (Figure 4) show 
that a decrease in building occupancy as a result of 
an increased reliance on home office and home 
schooling post-COVID-19 would lead to minimal 
decrease in the building cooling demand for the 
buildings in the case study area. Indeed, a university 
in the Netherlands found that energy demand only 
decreased by 3% in 2020 in spite of the fact that its 
buildings were only occupied 25% of the time due to 
the pandemic [21]. Maintaining the status quo in 
building operation would therefore lead to large 
amounts of energy waste if an increased share of 
home-based work and schooling becomes the norm 
moving forward. These effects are exacerbated by 
the increased temperatures due to climate change, 
as seen in Figure 4. 

 
Figure 4: 
Distribution of the space cooling demand for each building 
under different work-from-home (WFH) scenarios for the 
case of no change in building operation. 
 

 
 
5.2 Operational floor area 

Figure 5 shows the results for the case where the 
operational floor area is assumed to be varied along 
with the share of home-based employees and 
students. Unsurprisingly, the space cooling demand 
in each WFH scenario decreases proportionally to 
the decrease in building occupancy, unlike Figure 4. 
Therefore, by introducing such dynamic building 
system controls, such that only occupied spaces are 
conditioned, the space cooling demand could be 
significantly reduced.  
 
5.3 Selective closure 

A decrease in the number of people physically 
attending their offices and classrooms could 
potentially create an opportunity to re-develop the 
 

Figure 5: 
Distribution of the space cooling demand for each building 
under different work-from-home (WFH) scenarios for the 
case of adjusted operational floor area (OFA). 
 

 
 
area’s building stock and prioritize the operation of 
more energy-efficient buildings. In the final scenario, 
occupants’ activities are assumed to be relocated in 
order to ensure full building occupancy even in cases 
of increased shares of remote working and studying. 
As seen in Figure 6, the outliers observed in the case 
with no remote working are eliminated, and instead 
more efficient buildings are prioritized, thus further 
reducing the space cooling demands in the case 
study area. While this scenario represents a 
somewhat idealized case, it does raise the question 
of what opportunities might be created by the 
changes in energy demand patterns in the future as 
a result of the changes observed over the past few 
years. 

 
Figure 6: 
Distribution of the space cooling demand for each building 
under different work-from-home (WFH) scenarios for the 
case of selective closure of unoccupied buildings. 
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6. DIGITAL TWIN EVALUATION AND FUTURE WORK 
The digital twin platform appears to be a 

promising interface for planners and operators to 
interact with a district’s building and energy 
infrastructure in order to assess their robustness 
under different planning and disruption scenarios. 
Some potential use cases were explored as 
demonstrative examples in order to test the 
performance of the model and its implementation in 
decision making. 

The major difference between a traditional 
simulation model and a digital twin is that the former 
predicts future states of a physical system based on 
a set of initial assumptions, while the latter tracks 
current and past states of a physical system through 
data exchange between the physical and virtual 
systems [4]. While the model is not yet able to meet 
the calibration targets for all buildings, these results 
are expected to improve as further data is collected 
and the energy demand models continue to be 
updated. 

Furthermore, the scenarios presented in terms of 
climate and occupancy were relatively simplified. 
Work is ongoing to integrate an urban microclimate 
simulation into the platform in order to incorporate 
more reliable estimates of local climate and its 
effects on the area’s needs. Additionally, the WiFi 
data is also being used to develop an agent-based 
model of building occupancy, which will allow us to 
explore occupant comfort in the building stock 
considered and potentially let occupant behavior be 
the driver of the types of choices in activity location 
that we have so far determined using a top-down 
approach. 

 
7. CONCLUSIONS 

A digital twin approach to urban energy resilience 
was presented through a case study in a university 
campus in Singapore. The digital twin comprises a 
dashboard and visualization platform as well as a 
building energy demand model. The building energy 
demand model is calibrated using hourly meter data 
and populated with occupants generated using WiFi 
connection patterns as a proxy for building 
occupancy. 

The model was then used to explore the effects 
of the shift to remote working and studying on the 
space cooling demands of the area under different 
building system operation scenarios. The results 
stress the importance of dynamic building system 
operation that can adapt to changes in occupants’ 
needs with increasing flexible work arrangements 
and remote working and studying. 

These results demonstrate the potential for the 
platform to be used by planners and system 
operators to analyze the effects of their decisions on 
the performance of the case study district. Ongoing 

work to incorporate microclimate simulations as well 
as an agent-based model of building occupancy will 
allow such scenarios to be driven by occupant 
behavior and thermal comfort rather than defined in 
a top-down manner as presented in this paper. 
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ABSTRACT: Sustainability has been continuously incorporated into the building policies and regulations of several 
countries. However, this has led to a complexity in the application of these regulations and the determination of 
optimum parameters for different projects. In this context, the use of a method such as multi-objective 
optimisation is particularly interesting. For this study, a workflow that includes the OpenBIM methodology was 
used in the calculation model generation procedure. A total of nine parameters were used in JEPlus for the 
optimisation of a case study, evaluating more than 500,000 design options. The objective functions to be 
minimised were initial cost and Global Warming Potential (GWP) during 50 years of the building's life cycle. For all 
best solutions that had a cost between USD $2,500-$10,500 with GWP ranging of 1-62 tonCO2, the type of thermal 
insulation material played a key role along with its thickness. Insulating materials such as EPS and Glass wool were 
then compared with a Bio-based insulated material, using Evolutionary Algorithms and JEA, an Interactive 
Optimisation Engine. The interoperability between the software and the effectiveness of the optimisation 
algorithms have allowed for an expansive comparison to predict models that cannot otherwise be explored with 
conventional methods. Finally, based on the results, a new construction system based on digital manufacturing 
was prototyped. 
KEYWORDS: Multi-objective optimisation, Bio-based insulated material, Evolutionary Algorithms, OpenBIM, 
Sustainability 

 
 

1. INTRODUCTION 
Current environmental and economic conditions 

around the world call for a radical change in society's 
developmental strategies. 

In response to the emergencies that we are 
experiencing and to promptly limit the effects of 
climate change; the energy consumption and 
emissions of our buildings must be drastically 
reduced. Moreover, the cities need a dynamic 
management adapted to the requirements of the 
Smart City of the 21st century, for an increasingly 
digital world with an urgent call. 

Due to the global residential building sector that 
consumes 60% of the sector’s energy and emits 43% 
of greenhouse gas (GHG) emissions [1], the concept 
of sustainability has been continuously incorporated 
into the building policies and regulations of several 
countries mainly according to their own global 
commitments.  However, this has led to a complexity 
in the application of these regulations and the 
determination of the optimum parameters for 
different projects. 

If a few years ago, project decisions were solely 
based on economic cost and energy efficiency 
standards, today these indicators must be combined 
with many more sustainability indicators, which 
complicates the realisation of optimal solutions. 

In this context, the use of a method such as multi-
objective optimisation (MOO) is particularly 
interesting [2]. 

MOO focuses on conflicting objectives that are 
functions of optimisation variables and these can be 
subject to various constraints. In fact, in a typical 
MOO problem, optimisation parameters, objective 
functions and constraints are defined [3]. The aim of 
this study was to analyse and optimise the costs of 
the construction systems and minimise the 
environmental impacts of a house in Chile, designed 
with wood panels that are insulated with a bio-based 
thermic material, during its life cycle. 

Through a multi-objective optimisation, the 
initial costs, and Global Warming Potential (GWP) of 
the optimised house in this assessment were 
evaluated, and the advantages of using wood panels 
insulated with biomaterial and different energy 
efficiency strategies were discussed. 
 
2. ANALYSIS AND METHODS 

Achieving optimal building performance is a 
complex challenge, especially if the design options 
are numerous and there are two or more potentially 
conflicting objectives, e.g., to reduce both 
environmental impacts, and the cost of the 
construction systems. 

 

In this sense, parameters refer to all of the 
multiple types of data that influence project 
decision-making. 

The purpose of parametric analysis is to build a 
system that integrates all variables/categories 
involved in the design process, more than just 
geometry and form. 

In such cases, standard simulations are often 
inefficient, even if based on methods such as 
parametric analysis, due to the time and resources 
that would be required to evaluate a very large 
number of solutions. To overcome these limitations, 
methods such as simulation-based optimisation 
have been developed. 

In this field, optimisation usually consists of 
coupling a simulation engine, such as EnergyPlus, 
with an optimisation engine, e.g., a Genetic 
Algorithm. Genetic Algorithms are based on 
evolutionary selection processes, which ensure that 
only the most suitable solutions remain through 
several generations. This allows a wide range of 
design solutions to be explored efficiently, also in 
term of time and computational resources. 

It is necessary to have a comprehensive 
information model and data that takes into 
consideration the architectural aspect, energy, and 
resource consumption, as well as exterior/interior 
comfort in order to perform calculations and 
simulations to optimise the design of the building’s 
components. 

For this study, a workflow that includes the 
OpenBIM methodology was used in the calculation 
model generation procedure (Figure 1). 

Autodesk Revit, one of the most utilised BIM 
software, was used for the generation of the IFC file, 
that was exchanged which Cype's IFC Builder 
software to generate the geometric model of the 
building and create the thermal zones. 

The result file was imported in CYPETHERM Eplus 
software, which was used for the dynamic energy 
modelling and simulation of the case study using 
EnergyPlus™. After the simulations, the EnergyPlus 
(E+) calculation file was exported from CYPETHERM 
EPlus in its .idf format. 

The .idf file was used in JEPlus+EA, an open-
source tool originally developed to manage complex 
parametric E+ simulations, which uses a combination 
of optimisation algorithms such as Evolutionary 
Algorithms (EAs). Thus, providing a convenient and 
highly efficient way to perform optimisation for 
building design and use [4]. 

The next step was to place a number of search 
strings inside the .idf file to mark the locations of 
where the parameter values should be applied, then 
specifying all the alternative values for the 
parameters. 

Once we have defined the parameters, JEPlus 
creates the list of cases and simulations for 
EnergyPlus; each case contains a unique set of 
parameter values placed in the .idf model. 

In this way, it was possible to quickly set up a 
large amount of simulation runs to explore the 
research space. 

After the pre-processes, JEPlus runs simulations 
on each selected case until completion. Once the 
simulations are done, it uses the information defined 
in the RVI object to collect results. 

The results obtained are exchanged to the JEA 
online optimisation engine. JEA is a multi-objective 
constrained algorithm based on EA’s and has been 
tuned for a wide range of problems found in 
applications in the built environment. Additional 
methods such as parametric analysis and 
uncertainty/sensitivity analyses are provided to aid 
the interactive design approach [5]. 

 
Figure 1:  
Interoperability and optimisation workflow. 
 

 
 
3. CASE STUDY 

The analysed building for the case study is a one-
story detached house with a floor area of 53.36 m2 
and a ceiling height of 2.4 m, the envelope wall area 
is 66.95 m2 and the roof area is 59.04 m2 
representative of a typical house available on the 
market for a family of four. The house has three 
bedrooms and two bathrooms. 

This study focused on the optimal design of a 
house made of prefabricated wooden panels and 
insulated with biomaterial. 

The key objectives were increasing the comfort 
and health for the users, choosing ecological 
materials to achieve high energy efficiency while 
having a low environmental impact, and, if possible, 
keep construction costs lower. 
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Implementing a simulation-driven design 
approach from the start of the project was a strategic 
technique for achieving these objectives. 
 
Figure 2:  
IFC model of the case study. 

 

 
 

The study had two principal stages, which will be 
further discussed. Firstly, parametric configuration 
and multi-objective optimisation based on genetic 
algorithms, aimed to investigate the architectural 
design solutions that offer the best performance 
regarding carbon emissions and construction cost. 
Secondly, implementation and fabrication of a 
prototype. 
 
4. PARAMETRIC CONFIGURATION 

The first parameter corresponds to the location, 
for this study we selected only the result referencing 
the climatic zone of Temuco, capital of the Cautín 
Province and of the Araucanía Region in southern 
Chile. The next one refers to the orientation, 
simulating different values of solar radiation as the 
house rotates. The next four parameters refer to the 
variables for the walls, roof and floor considering the 
thickness and the material of the panel insulation. 
Figure 3 shows the composition of the wall envelope 
solution. 
 
Figure 3:  
Wall envelope solution. 
 

 

Parameter 7 refers to the different types of 
windows, while 8 and 9 refer to the ventilation 
system with heat recovery and air tightness. 

For each element, the cost was evaluated, by 
reference to prices in the market at a given time, 
which may be subject to change. However, it is 
possible to easily update parametrically the 
simulations to adapt them to new economic 
conditions. 

Thus, more than 500,000 possible combinations 
of energy optimisation measures were configured, 
which is not a huge issue for optimisation, however, 
well above what a person can successfully 
investigate manually - without limiting creativity and 
design culture within the architectural field, which is 
the basis of the project. 

In addition to the costs of the construction and 
energy elements considered, the environmental 
impact was also included in the optimisation using a 
simplified life cycle analysis for 50 years, that 
included the CO2 annual average conversion factor. 

Figure 4 shows the values and design options 
used in JEPlus configurations for the case study 
parameters. 
 
Figure 4:  
Matrix of design options for the optimisation analysis. 
 

 
 

As shown in Figure 4, the biomaterial has a 
negative GWP value. Since plants acquire carbon via 
the process of photosynthesis, bio-based products 
can help lower carbon dioxide levels in the 
atmosphere and minimise the threat of climate 
change. As a result, biogenic carbon - that is carbon 
stored in biological materials such as plants or soil 
within a buildings component might be considered a 
"negative emission." This indicates that carbon is 
stored in the material during the growth stage of bio-
based products. 

 
Bio-based  

Thermal 
Insulated 

Panels 

Facade

 

Floor

 

Roof

 

Location Temuco 

Orientation 0 45 90 135 180 225 270 315 

Thickness 44 58 76 99 129 172 236 343 556 

Material 
Conductivity (W/mK) 

Density (kg/m3) 
Specific Heat (J/kgK) 
GWP (kgCO2eq/m3) 

EPS 
0.043 

15 
1200 
2.92 

Glass wool 
0.041 
11.5 
840 
1.58 

Biomaterial 
0.045 

73 
1415 
-0.71 

Type of 
windows 

U-Factor (W/m2K) 
Solar Coefficient 

Cost (US$/m2) 

Aluminium, 
double-glazed 

3.0 
0.75 
92 

PVC, 
double-glazed 

2.0 
0.65 
144 

PVC, low-e 
double-glazed 

1.6 
0.70 
209 

PVC, low-e 
triple-glazed 

0.9 
0.55 
327 

Heat recovery 
Cost (US$)   

0% 
500 

60% 
1877 

70% 
2816 

80% 
3754 

Airtightness 
(ACH50) 
Cost (US$)   

1 
700 

0.6 
900 

 

 

However, if the biomass is harvested and burned 
this carbon is released back to the atmosphere. 

For this reason, some LCA methodologies do not 
include carbon dioxide emissions from burning 
renewable materials in GWP. 

In any case, the carbon accumulated or released 
into the atmosphere by bio-based insulation materials 
is just a proportion of the total carbon emitted 
during the life cycle of the buildings. 
 
5. MULTI-OBJECTIVE OPTIMISATION 

The sheer quantity of multi-modal objectives and 
parameters calls for the use of metaheuristic 
algorithms that are capable of optimising solutions 
to efficiently approximate outcomes [6]. A subset of 
these metaheuristic algorithms is Evolutionary 
Algorithms, where relationships between problems 
that involve multi local optima, nonlinearity, 
constraints, and non-convexities can be explored 
and exploited with each iteration [7]. 

Based on Darwin’s articulation on the theory of 
evolution, EA’s refer to the analogy of competition 
amongst a set of ‘parameters’ corresponding to the 
genes; these make up the individual. The individual’s 
genes join to form a chromosome, which are the 
potential ‘solutions’. The set lies within the 
environment as the ‘optimisation problem’ with a 
particular emphasis on approaching the true Pareto-
optimal front (Table 1). 
 
Table 1:  
Analogy of evolution to optimisation problems. 
 

Metaphor Optimisation 
Genes Parameters 
Chromosome Solution 
Fitness Objective function 
Environment Optimisation problem 
Evolution Problem solving 

 
This allows EA’s to find various Pareto-optimal 

solutions in a single simulation run [8]. 
The population-based nature allows for 

modifications in a way that preserves the multi 
optimal solution or also referred to as the ‘Pareto-
optimal solutions’ in multi-objective optimisations. 

The process first starts with a population of 
randomly sampled solutions which are binary 
encoded, that then carry out a fitness-based 
selection utilising an objective function [9]. 

Recombination, cross-over, and mutation occurs 
creating a successor population based on the 
parental genetic material which thus produces the 
child chromosomes that get passed into the next 
cycle. 

Upon each iteration, the optimised population is 
stored in the archive. Once the population evolves 

and the average fitness increases, the cycle ends, 
and terminal criterion or optimality is reached [10].  

Figure 5 shows the Pareto solutions with 200 
iterations and a total of only 1,471 solutions 
identified, carried out by the mentioned genetic 
optimisation, compared with the total of 559,872 
possible solutions considering the combinations of 
the variable values included in each design option. 
 
Figure 5: 
Population and Pareto best solutions. 
 

 
 
The characteristic curve of the best 78 results is also 
shown. In general, the optimal solutions obtained 
show improvements in GHG emissions while 
reducing the construction cost. This shows the 
usefulness of MOO in the early stages of building 
design. Table 2 shows the two configurations with the 
lower values for each objective, that are minimised 
simultaneously during the optimisation. 
 
Table 2:  
Comparison of the two Pareto solutions corresponding to 
the lowest cost and CO2. 
 

 Lowest Cost Lowest CO2  
Parameters   
     Location Temuco Temuco 
     Orientation 225 180 
     Material Biomaterial Biomaterial 
     Wall (m) 0.058 0.556 
     Floor (m) 0.058 0.556 
     Roof (m) 0.044 0.556 
     Type of 
     Window 

Aluminium, 
Double-glazed 

PVC, low-e 
triple-glazed 

     Ventilation No recovery 80% recovery 
     Airtightness ACH50 = 1 ACH50: 0.6 
Objectives   
     Cost ($) 2,448 10,497 
     CO2 (kg) 62,005 714 

 
To exemplify, all Pareto solutions had a cost 

between USD $2,448 and USD $10,497 with GWP 
ranging 714 kg of CO2 to 62,005 kg of CO2. 

By analysing these two cases only, it can be seen 
that investing four times more, compared to an 
optimised benchmark at a lower cost can reduce the 
carbon footprint 86 times over the lifetime of the 
building. 
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This benefit can also extend to a proportional 
energy and economic savings over the operational 
lifespan of the building. If the final disposal stage is 
considered, the benefit can be even greater, because 
of the possibility of incorporating part of these 
materials into a circular cycle. 

For example, the type of thermal insulation 
material played a key role along with its thickness in 
the life cycle of the case study. 

Figure 6 shows that all of the Pareto solutions 
approaching the Pareto front are indeed those that 
contain biomaterial as a parameter, as well as the 
entire population’s majority of solutions. 

This confirms biomaterial as a solution for this 
optimisation problem.  
 
Figure 6: 
Population by insulation materials. 
 

 
 
Due to the abundance of information, decision-

makers must analyse this data meticulously, 
selecting a set of solutions based on their general 
preferences according to the level of importance for 
each parameter. 

Additionally, using the interactive characteristic 
of JEA it was possible to control in real time the 
progression of the search process and adjust the 
configurations and parameters of the algorithms. 

These functions have made possible to improve 
the entire optimisation process compared to other 
optimisation tools that, for most users, work like a 
“black box” [5]. Indeed, one problem with current 
optimisation tools is that the user cannot do much 
more than wait to see whether they eventually get 
the desired results, so with an interactive 
optimisation process it is possible to avoid innocent 
mistakes when setting up the problem or when 
configuring the algorithms which can lead to 
significant time losses. 
 
6. IMPLEMENTATION AND FABRICATION 
Based on the analysis of the optimisation results 
related to the thickness of the wall element, a 
construction system was sought that could be easily 
adaptable to different thicknesses. In south-central 
Chile, light wood partition walls are commonly used 
for housing, with a wood structure of 2x3" to 2x4", 

so adapting this solution to 12" thickness is complex 
because of the availability and quality of wood of 
these dimensions. In this context, the Wikihouse 
system is a manufactured building system for 
houses. It uses structural timber (usually plywood) 
sheets which are cut to 0.1mm precision, and 
assembled into basic building blocks, which can be 
delivered to the site, then rapidly and accurately 
assembled by almost anyone, even if they don’t have 
traditional construction skills [11]. 
Specifically, the proposal considered the wikished 
system which has wall thicknesses of 8" but due to 
the composition of the elements it is easily 
extendable to 12" which was the test aim.  
Thus, the first test was a section of the Wikihouse 
system changed to 12" floor, wall, and ceiling 
thicknesses. Figure 7 shows the test section. 
However, the system was not optimal in terms of the 
use of the plywood sheet and generated significant 
material loss because of the material complexity. 
 
Figure 7: 
First prototype based on WikiHouse building system. 
 

 
 

A second manufacturing system was developed to 
optimise the use of the plywood sheet, which was 
also designed parametrically so that it can be easily 
adapted to different optimisation results in other 
climates or other optimisation objectives. The final 
system is shown in Figure 8. In this system, if a bio-
based insulating material is considered, a thermal 
transmittance value close to 0.12 W/m2K is achieved. 
 

 

Figure 8: 
Second prototype developed, named “casalibre”. 
 

 
 
 
7. CONCLUSION 

The workflow used for building optimisation can 
be particularly useful in the early design stages of the 
project. Optimisation variables and objective 
functions can be customised and enhanced 
according to the project. Another important feature 
is the interactivity of the JEPlus Online Service, which 
allows users to:  control the progression of the 
search process; adjust configuration and parameters 
of the algorithms; add, remove, or change 
optimisation criteria; refine search space and adjust 
design options; switch and combine simulations 
models and collaborate online with other users. 

The interoperability between the software and 
the effectiveness of the optimisation algorithms 
allows for an expansive comparison and thorough 
analysis of predictive models that cannot otherwise 
be explored with conventional methods. 

A parameterised workflow from optimisation to 
manufacturing is very promising and although it is a 
major challenge, it may be a milestone in the 
possibility of achieving carbon neutral massive 
custom homes and meeting individual’s needs while 
improving the environmental and economic 
condition. 
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ABSTRACT: Construction sector has high impacts on the environment, in terms of energy consumption, water 
use, and emissions to the atmosphere of CO2 and other greenhouse gases. Life-Cycle Analysis is an international 
recognized method to assess the environmental impact of complex objects, such as buildings. In this work, we use 
information from national and international databases to develop a methodology to quantify the environmental 
impact of construction in Chile. We considered two locations in different climatic emplacements and four building 
typologies. The results show that steel and reinforced concrete generate a greater impact compared to the other 
materials analyzed. However, some strategies to reduce, reuse, recover and recycle the materials, in particular 
steel, can be adopted to reduce the environmental impact of those building typologies. 
KEYWORDS: Life Cycle Analysis, Chile, Construction Industry, Steel, Wood, reinforced concrete, Material 

 
 

1. INTRODUCTION 
Sustainable Development Goals (SGD) [1] consider 

the importance of green and circular economy to shift 
our society to sustainable levels and reduce the impact 
of climate change (SGD 8 and 13). 

Building sector is one of the most important 
economic activities to be regulated. Cities are directly 
or indirectly responsible of about the 70% of energy use 
and greenhouse gases emissions to the atmosphere. 

In Chile, construction industry is one of the most 
important sectors contributing to national GDP, after 
mining industry and comparable with agriculture 
activities. 

Life cycle analysis (LCA) is a methodology to account 
environmental costs of any kind of object production, 
including complex structures like buildings [2]. 
Typically, LCA consider three phases in the life of an 
object: production, use and destruction/recover. The 
three “R” (reuse, recover and recycle) are key factors in 
developing circular strategies to reduce the emission 
footprint of human activity. 

In the case of buildings, the production phase 
should be further divided in materials production and 
building construction/assembly [3]. Figure 1 shows the 
different phases of the LCA assessment from raw 
materials extraction to building demolition. A very 
complete ecological and energetical analysis should 
also account for raw materials formation (EMERGY – 
Energy Memory Analysis) [4]. In Chile, among most 
used materials we find reinforced concrete, bricks, 
wood, and steel; combined in different structural 

systems depending on the building size. Materials and 
prefabricated structures should then be translated to 
the location where the building is assembled, 
increasing in many cases the ecological footprint. 

In this work, a methodology to integrate materials 
production and transportation is developed for four 
typical buildings: two small houses of wood and 
steel/plasterboard respectively, a medium sized 
building of bricks and a tall building of reinforced 
concrete. 

 
Figure 1: 
Phases of LCA for building sector 

 
 
2.  METODOLOGY 

In this work we develop a methodology to account 
for energy consumption, water usage, and greenhouse 
gases emissions due to buildings construction, 

operation, and demolition. We divided the 
methodology in four steps. We started evaluating the 
materials production, constructing a database for Chile 
incorporating information about the most common 
materials used in construction. 

Once constructed a complete database with all 
materials to be used in our buildings, we established 
the quantities of each component needed in the 
construction. For this, we analyzed four typical 
buildings, and quantified the volume or the number of 
elements used. 

The four buildings analyzed are representative of 
the common houses used in Chile: a tall building of 
apartments, a medium sized block of apartments (5 
storeys), a single-family house built on wood and a 
single-family house built on steel frames and 
plasterboards. To compare the LCA results, we consider 
occupancies of 648, 50, 6 and 4 people respectively. 

Buildings were placed in two different cities, 
Antofagasta and Temuco. Climatic regulations [5] were 
followed to establish values of thermal transmittances 
and select the appropriate material for the envelop. 
Thus, block work tall building and steel framed house 
were analyzed in Antofagasta, while brick and wood 
buildings were analyzed in Temuco. Figure 2 shows the 
climate-habitational zones of the north and central-
south regions of Chile where Antofagasta and Temuco 
are placed. Table 1 resumes the transmittance values 
for walls, roofs, and windows in both locations. 

 
Figure 2: 
Climate zones for habitational analysis in Chile 

 
Table 1: 
Transmittances values for considered locations (W/m2K) 

Location Walls Roofs Windows 
Antofagasta 4.0 0.84 5.8 
Temuco 1.6 0.33 3.6 

 
2.1 Material production 

First step in assessing LCA is to obtain production 
data for the most important parts that composes the 
building typologies. In Chile, recently some data have 
been done available through the database “Ecobase” 
[6], which incorporates CO2 eq emissions, energy 
consumption and water consumption. Unfortunately, 
many materials and structures are missing in this 
database, so we also referred to international databases 
“BEDEC” [7] and “DAPcons” [8]. In some cases, we 

referred directly to the environmental impact 
declarations provided by suppliers [9,10,11,12]. Once 
the data was obtained, it was incorporated into the 
amount of material needed to build the buildings. 
 
Figure 3: 
Databases consulted in this study 

 
 
2.2 Transportation of materials, excavation and 

construction 
Obtained the data in the materials production 

phase, we developed a strategy to consider the water, 
energy and emissions related to the assembly of 
materials in buildings. In this phase, the emissions to 
the atmosphere and the energy consumed by the 
transport of materials, excavation of foundations and 
operation of the tower crane were calculated. For 
transportation, the distance from the closest material 
production center to the location of the building was 
considered, considering a standard 23-ton truck with a 
power of 415.27 HP and a fixed road speed of 100 
km/h. [13]. Two excavators were used for the 
excavation, one with a power of 149 kW and the other 
with a power of 73 kW. For the construction, a tower 
crane with power corresponding to 75.6 MKH was 
considered. The formulas used to calculate energy 
consumption and emissions into the atmosphere were 
as follows: 
Figure 4: 
Energy consumption and emissions of machinery 

 
 
2.3 Buildings operation 

Buildings were considered to have a lifetime of 80 
years. During this period, people will use the building as 
residential, with climate systems providing comfort 
established as a range 18-26 degrees Celsius, a 
standard charge of electricity due to lightening and use 
of other domestic appliances. Water consumption was 
set to 150 l/person every day. Thermal demand was 
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obtained by simulation using TRNSYS v. 17 tools. 
Weather files were obtained from the website 
climate.onebuilding.org, a standard reference for this 
kind of purposes [14]. 

Final energy consumption was assessed by 
considering fixed values of efficiency for a standard 
heating (boiler) and cooling (heat pump) systems. 
Emissions were obtained by applying transformation 
coefficients depending on the fuel. In the case of 
electricity, two transformation coefficients were used, 
respectively belonging to the old SIC (Sistema 
Interconectado Central) and the old SING (Sistema 
Interconectado del Norte Grande). Today both systems 
were unified in the Sistema Eléctrico Nacional (SEN), 
however it seems reasonable still differentiate the 
emissions coefficients to reflect the different share of 
renewable (including hydroelectricity) and fossil fuels 
of different regions of Chile [15]. 

Table 2: 
Efficiency and transformation coefficients of fuels 

 
Window to wall ratio depended on structural 

system used. For wooden and steel framed houses, we 
used a 20% value. For bricks buildings, 30% and for 
cement blockwork buildings, 80%. This kind of 
constructive systems are very common in Chile, with a 
strange repetition across climates. 

Table 3: 
Windows to wall ratio 

 
Operational parameters considered in simulations 

include: light gains, other appliances, heating and 
cooling set points, people and solar protection. 

Table 4: 
Operational parameters used in simulation 

 
 
2.4 Demolition and transportation of waste 

The buildings were demolished at the end of their 
useful life. A shear crane with a power of 234 kW was 
considered for the demolition of 1-2 story houses and 
317 kW for high and medium-rise buildings [16]. 

In turn, the transport of waste from the place of 
generation to the authorized final disposal sites in 
Antofagasta and Temuco was considered. The 
distances were traveled with a dump truck with a 
power of 442.89 HP and a cargo volume equal to 27.5 
m3 [17] at a constant average speed equal to 100 km/h. 

The energy consumption and carbon dioxide 
emissions generated by the machinery were 
determined using equations Ec.1 and Ec.2. 

Regarding the reuse, recovery and recycling of 
materials, we include the possibility of doing so during 
the last phase of building demolition [18,19,20]. 

 
3. RESULTS 

The results show that the brick and wood buildings 
have a lower impact on the environment compared to 
the reinforced concrete building and the prefabricated 
steel house. However, there is potential to reduce the 
impact of these types of buildings by incorporating "R" 
options, especially for prefabricated steel houses. The 
detailed results can be analyzed under different points 
of view: by phase, by materiality and by location. 
Following our methodology, we first discuss the results 
by phase. We then discuss the general context of the 
construction sector in Chile, further analyzing the use 
of materials and the corresponding climatic location. 
 
3.1 Production phase 

Production phase assessment was done measuring 
the water, energy, and emissions per m3 of material (or 
ensembled system) provided. 
Table 5: 
Water, energy, and emissions for materials production 

 
 

Values obtained show very clearly that, per unit 
volume, steel industry is the most contaminant and 
unsustainable. However, in the construction phase the 
quantity of material needed to configure the structural 
system will equilibrate the global evaluation. 
 
Table 6: 
Quantities of materials needed for building construction (m3) 

 
 

Fuel Efficency 
Carbon 

generation 
Temuco 

Carbon 
generation 

Antofagasta 
 kg CO2/GJ kg CO2/GJ 

GPL 0,85 12.684,44 63 
Wood 0,70 3.805,33 109 
Electricity 3,50 1.123,59 278 

 

Wood Steel  Reinforced 
Concrete  

Bricks 

20% 20% 80% 30% 

 

Description Schedule or control Value 
Light gains 18-22 h 5 W/m2 
Other gains Variable 45 W/m2 
Cooling set point 0-24 h 26 °C 
Heating set point 6-23 h 18 °C 
Heating set point 23-6 h 15 °C 
People activity 0-24 h 1 mt 
Solar shading open 120 W/m2 1,0 
Solar shading closed 140 W/m2 0,4 

 

Material Water 
Consumption 

Energy  
Consumption Emmisions 

m3/m3 MJ/m3 kg CO2 eq/m3 
Reinforced Concrete  459,250 1.324,760 229,080 
Bricks  0,888 3.427,912 259,099 
Plasted Board  704,700 4.491,900 256,800 
Wood Board  3,000 8.407,100 418,300 
Rock Woole 401,500 1.612,500 107,750 
Cement Mortar  487,090 4.252,191 237,980 
Steel Bars  10.566,100 297.672,000 20.096,000 
Steel Profiles  4,792 32.041,667 362.500 
Laminated Steel  98.468,300 100.350,950 7.530,600 
Structural Board  107,300 3.345,830 89,800 
Windows  4,740 4.057,000 136,000 

 

Material [m3] Reinforced 
concrete Steel Bricks Wood 

Reinforced Concrete  4.196,135 11,944 138,997 0,576 
Bricks  - - 52,781 - 
Plasted Board  1.263,631 6,874 11,975 - 
Wood Board  15,415 0,179 0,856 4,921 
Rock Woole 308,275 13,748 48,652 6,700 
Cement Mortar  218,825 - 16,900 - 
Steel Bars  5,345 0,015 0,177 - 
Steel Profiles  27,562 2,220 1,592 - 
Laminated Steel  - 0,065 - - 
Structural Board  5,385 0,214 0,135 7,983 
Windows  52,356 0,443 1,945 0,199 

 

The total impact of the first stage of the life cycle of 
each building was obtained from the sum of the 
parameters associated with each material, classifying 
the final results by dwelling. 

 
Table 7: 
Data inventory for material manufacturing stage 

 
 

3.2 Construction phase 
The construction phase considered the excavations 

of the building's foundations, transport of the material 
to the site and everything related to the assembly of the 
buildings. The work of people was not considered, only 
machinery. Tables 8, 9 and 10 summarize the 
consumption for the three activities. 

 
Table 8: 
Water, energy, and emissions for building foundation 

 
 

Table 9: 
Water, energy, and emissions for transport of materials to 
work  

 
 
Table 10: 
Water, energy, and emissions for other assembly work 

 
 

3.3 Operation phase 
Respect to operation phase, we obtained first the 

energy demand for heating, cooling, hot water, 
illumination, and other purposes (including elevators 
and other common services). Then we applied the 
efficiency coefficients to obtain the final energy, and 
the conversion factors of table 2 to obtain the 
emissions. Table 11 resumes the values of final energy 
per person by building typology. 

 
 

Table 11: 
Final energy per person by building typology 

 
 

Most important part of operational energy 
consumption must be attributed to heating and other 
appliances in Temuco. In Antofagasta, the case of the 
steel framed family house and the tall building should 
be analysed separately. Tall building has cooling needs 
(due to the glazed surface) and an enormous 
consumption for elevators, waterpool, and other 
amenities of that kind of buildings. These results are in 
accordance with the problem of overheating of 
buildings and the needs for shifting from heating-
guided design to cooling-guided design [21,22]. 
Operational amount of energy wasted is directly relate 
to the climate location, so results should be considered 
as only partially representative of the whole building 
sector in Chile. 
 
3.4 Demolition phase 

In demolition phase, the work done by machines to 
dismantle the building and the transportation of 
residual to the closest place adapted to that end were 
accounted. Tables 12 and 13 summarize the 
consumption for the three activities. 
 
Table 12: 
Energy and emissions for dismantle buildings 

 
 

Table 13: 
Energy and emissions for waste transportation 

 
 
3.5 Global results discussion 

Figures 5-7 show the water, energy, and emissions 
for each building. 

 
 
 
 

Vivienda 
Water 

Consumption 
Energy 

Consumption Emmisions 

m3 MJ kg CO2 eq 
Reinforced Concrete  2.219.762,909 9.851.650,998 1.179.772,387 
Bricks 101.990,400 688.419,726 62.625,906 
Steel  22.446,351 155.070,025 8.879,864 
Wood 3.826,749 80.455,615 3.656,264 

 

Building 
Energy 

Consumption Emmisions 

MJ kg CO2 eq 
Reinforced Concrete  32.332,05 2.395,81 
Bricks 13.049,54 966,97 
Steel  1.050,15 77,82 
Wood 1.041,74 77,19 

 

Building 
Energy 

Consumption Emmisions 

MJ kg CO2 eq 
Reinforced Concrete  194.154,28 14.386,83 
Bricks 48.784,41 3.614,93 
Steel  101.917,69 7.552,10 
Wood 17.469,82 1.294,51 

 

Building 
Water 

Consumption 
Energy 

Consumption Emmisions 

m3 MJ kg CO2 eq 
Reinforced Concrete  882,99 113.400,00 8.402,94 
Bricks 31,18 34.020,00 2.520,88 
Steel  2,39 - - 
Wood 0,12 - - 

 

Building Heating Cooling Water Lights Other 
Wood 3900 9 195 210 286 
Steel 12 15 182 153 478 
Reinforced 
concrete 

0 25.072 205 320 112.348 

Bricks 1.160 16 234 457 8.640 
 

Building 
Energy 

Consumption Emmisions 

MJ kg CO2 eq 
Reinforced Concrete  171.180,00 12.684,44 
Bricks 51.354,00 3.805,33 
Steel  15.163,20 1.123,59 
Wood 30.326,40 2.247,19 

 

Building 
Energy 

Consumption Emmisions 

MJ kg CO2 eq 
Reinforced Concrete  47.424,87 3.514,18 
Bricks 2.021,57 149,79 
Steel  214,05 15,86 
Wood 202,16 14,98 
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Figure 5: 
Water consumption per person. 

 
 
Figure 6: 
Energy consumption per person. 

 
 
Figure 7: 
Emissions consumption per person. 

 
A deep analysis of the results permits to extract 

many relevant implications. Firstly, the consumption of 
water is higher during operation than during 
production and construction phases. This imply that, 
besides the enormous quantities of water needed by 
some industrial processes, as minerals extraction and 
refrigeration during processing of steel, the amounts of 
materials disposed on buildings is not so high to 
overpass domestic water use. People behaviour seems 
to be the key factor to save potable water, and the 
value of 150 l/day per person should be drastically 
reduced. 

As a second observation, operational energy is 
relevant only for the tall building case. This indicate that 
the amount of energy needed for cooling and other 
appliances use is much higher than other energy needs, 
even compared to heating needs in cold locations. Of 

course, that the operation of tall buildings includes 
elevators, water-pool and other amenities that are not 
present in the other building typology. However, it is 
relevant to notice that the sprawl of that type of 
building across Chile indicate a change in expectation of 
the population, indicating the probable increase in a 
near future of the operational environmental costs. 

A third observation is that demolition is relevant 
only for tall buildings, where machinery working hours 
are long. At the same time, the decommissioning 
process can offer many possible alternatives for the 
circular economy: The “3Rs”, recover, reuse and recycle 
are strictly related to this last phase of the building life 
cycle [23,24,25,26]. 

The transportation of elements plays a relevant role 
in the case of steel-framed buildings, due to the 
number of different parts that are needed to assemble 
a house and the long distances that trucks must travel 
to reach its destination, generating high emissions into 
the atmosphere and consuming a large amount of 
energy.  

Finally, wood and bricks seem to be more 
sustainable manner to built residential buildings, 
offering some facilities in both construction and 
dismantle phases. That buildings have also a lower 
water consumption in the production and construction 
phase. 
 
4. CONCLUSION 

In this work, an approximate view of the current 
panorama facing the construction industry in Chile was 
recreated. The evaluation carried out shows that, of the 
four construction systems analyzed, plasterboard and 
steel buildings, followed by reinforced concrete, have 
the highest environmental impact values, both located 
in the city of Antofagasta. Since the cities were chosen 
in order to cover the climatic variability of the country, 
it is inferred that the construction systems located in 
the south of Chile, corresponding to structural brick and 
wooden houses, have a friendlier behavior with the 
environment. compared to those in the north. 
However, this may vary depending mainly on the 
duration of each stage, the distances covered in the 
transfer of material and the technologies and 
machinery used. 

In relation to the parameters analyzed, it is 
concluded that energy expenditure and emissions are 
directly proportional to the size of the buildings and the 
associated common domain assets, unlike water 
consumption, which clearly depends on the average 
consumption of the inhabitants. 

Finally, incorporating recycled materials into 
production, or directly reusing some construction 
waste after its useful life is over, is extremely important 
to reduce the environmental impact generated by the 
construction industry. 
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Systems-Oriented Building Design (S.O.B.D.) 
A new way of storytelling on the design of high-performance buildings 

for sustainable tomorrow 
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ABSTRACT: Successfully delivering building design objectives requires a robust systems approach to integrate 
knowledge from ecology, economy, society, functional, technology, processes, and site aspects within a holistic 
view, and let them interact with each other in order to solve the often very complex problems connected to the 
design of sustainable high-performance buildings. This paper presents details about Systems-oriented Building 
Design (S.O.B.D.), as a new way of storytelling based on systems thinking and theory embedded as the 
theoretical foundation through an (already) developed integrated design methodology, to carry out problem-
solving in complex systems. SOBD is built to include characteristics from both soft- and hard- systems thinking 
views. The methodology is being developed and practiced through a teaching-based research position. 
KEYWORDS: Systems Thinking, Building Design, Design Methodology, High-Performance Building, Complexity.  
 
 

1. INTRODUCTION 
Modern society is firmly focused on performance 

and efficiency. Performance is an expression of how 
well a building fulfills its purpose, carries out its 
functions, or meets the users' needs and 
requirements [1]. It has typically grown in association 
with buildings' energy efficiency, indoor 
environmental quality, and comfort, lighting, etc. In 
general, building performance provides a powerful 
solution for the built environment to design 
sustainable buildings. Today, one can define a high-
performance building as a sustainable building with 
better environmental, economic and socio-cultural 
features and performance than standard practices, 
but which also requires aesthetical attractiveness, 
safety, health and comfort, and economic efficiency 
throughout the life cycle [2].  

Moving towards developing high-performance 
buildings to include and deal with broader 
perspectives from sustainability implicates handling 
enormous complexity concerning many design 
objectives that need to be fulfilled, besides involving 
multiple actors and addressing many factors that 
influence the final design performance [3]. The major 
challenge for the design stakeholders in this is how to 
get to grips with such a level of complexity where 
interrelated forces play out over time in complex 
relation fields. Thus, crucial tasks have to be 
performed concerning complex design decision-
makings with respect to ecology, economy, and socio-
cultural aspects (known as the three traditional pillars 
of sustainability), as well as functional, technology, 
processes, and site (e.g., to be aligned with the 
overall sustainability categories defined in the 

German DGNB sustainability certification system [4]). 
The tasks become even more complex with emerging 
new building design concepts and their required 
standards, regulations, and needs. Rapid globalization 
of sustainability (as a globally desired design value 
[5]), twins of green and digital transformation of the 
built environment, and the increasing causes and 
demands to act responsibly add to the challenges too.  

This paper presents a new perspective on systems 
thinking and theory applied to design of sustainable 
high-performance buildings, with the ability to 
perform problem-solving in complex systems. It is 
named (for the first time) Systems-oriented Building 
Design (SOBD). SOBD is developed to implement 
through an integrated design methodology with 
iterative design stages. The design methodology and 
its relevant phases were elaborated and published 
before in [6]. The aim of this paper, on the other 
hand, is to shed light on the theoretical foundation 
behind systems thinking and theory, and its key 
concepts and role for building design, upon the ability 
to integrate knowledge and joined-up thinking to go 
deeper to address underlying causes in the design of 
high-performance buildings to thoroughly shift the 
whole system onto a sustainable path. This paper is, 
therefore, composed in complementary to [6].  

SOBD’s scope is to involve deeper in all aspects of 
the design of high-performance buildings, enabling 
stakeholders to deal with complexity, adapt and 
exchange very large amounts of information to create 
new innovative sustainable building design solutions. 
Built upon the systems thinking key concepts, the 
methodology aims to understand the different needs 
of projects and involved stakeholders, and then 

 

create a new value network that synthesizes different 
needs and values in ways acceptable to all involved. 

 
2. SYSTEMS THINKING AND ITS KEY CONCEPTS 

We are a member of hundreds of systems, i.e., a 
family, a company, a community, and a society. Our 
own body is a complex biological system comprising 
many sub-systems. In addition, we are surrounded 
and regularly interact with larger and often more 
complex systems every day, such as buildings and 
cities we live in, human economies, ecosystem, and 
climate. These complex systems (i.e., climate) often 
behave in a greater way than the sum of their 
individual parts, and Systems Thinking (ST) has been 
emerged as the ability or skill to cope with problem-
solving in such complex systems [7-10]. It is an 
attempt to see a "forest" as well as "trees". 

ST is an approach to integration that is based on 
the belief that the components of a system will act 
differently when isolated from the system's 
environment or other parts of the system [11]. ST 
places a greater emphasis upon understanding 
systems in their entirety and within the environment 
that gives them context. Standing in contrast to 
reductionist thinking, which is based on components 
analysis, ST is founded on the synthesis of elements 
and can be referred to as holism (or whole [12]), 
which is a term known from modern philosophy [11]. 

Analytical reductionism is a process of reasoning 
where we try to understand something by removing 
it from its environment, decomposing it into 
individual parts, studying the properties of those 
parts, and then putting them back together so as to 
drive an account of the whole as some combination 
of these individual building blocks [11]. It is based on 
the assumption that the system is nothing more than 
some of its parts, and the system is relatively closed. 
In contrast, the synthesis holism is a process of 
reasoning where we try to understand something by 
looking at it in relation to the whole system or 
environment that it forms a part of its interactions 
with other systems and how it is shaped by those 
interactions in the overall context [11]. 

Looking more holistically to understand the 
'whole' in tackling complex problems [13], ST in 
practice explores inter-relationships and interactions 
(context and connections), perspectives (each actor 
has their own unique perception of the situation), 
and boundaries (agreeing on scope, scale and what 
might constitute an improvement). Blockley and 
Godfrey [14] discuss ST related to civil engineering 
projects as a joined-up thinking - getting the right 
information (what) to the right people (who) at the 
right time (when) for the right purpose (why) in the 
right form (where) and in the right way (how). 

Bertalanffy [15] masterminded General Systems 
Theory in the 1950s, who initially sought to find a 

new approach to the study of living systems. 
Bertalanffy's ideas were adopted by others working in 
mathematics, psychology, biology, game theory, and 
social network analysis. Thus, many key concepts 
have emerged and are used in this context. A brief 
summary of these key concepts, which (in the 
author's opinion) are essential for the readers, are 
presented in the following: 
- Integration: refers to the process of bringing 
together the component sub-systems into one 
system and ensuring sub-systems are together as a 
system. 
- Emergence: refers to the existence or formation of 
collective behaviors — what parts of a system do 
together that they would not do alone. It is 
subdivided into weak and strong (or irreducible) 
emergence. 
- Hierarchy & Abstraction: are used to manage and 
hide information and complexity among sub-systems. 
- Evolution: refers to the gradual development of 
systems from simple to more complex forms. 
- Adaptation: refers to the physical or behavioral 
characteristic of systems to survive better in the 
surrounding environment. 
- Nonlinearity: is used to describe a situation with no 
straight-line or direct relationship between 
independent and dependent variables. In a nonlinear 
relationship, changes in the output do not change in 
direct proportion to changes in any of the inputs. 
- Resilience: refers to how a system rapidly and 
effectively protects its critical capabilities from 
disruption caused by adverse events, conditions, and 
external circumstances. 
- Robustness: refers to the ability of a system to 
remain functioning under disturbances. 
- Efficiency: is the ability to avoid wasting materials, 
energy, efforts, money, and time in doing something 
or in producing the desired result. It indicates how 
the system uses the inputs. 
- Dynamic of systems: is used to understanding the 
nonlinear behavior of complex systems over time 
using stocks, flows, internal feedback loops, table 
functions, and time delays. 
- Causal diagrams: are a directed graph that displays 
causal relationships between variables in a causal 
model subdivided into negative and positive links. 
- Causal loop diagrams: is a snapshot of all 
relationships that matter. It is a visual representation 
of key variables (i.e., factors, issues, processes) and 
how they are interconnected. To read and learn 
more, visit the "Systems Innovation" platform in [16]. 
 
2.1 Hard systems thinking vs. Soft systems thinking 

Another often problematic and non-clear concept 
related to ST comes across discussing hard and soft 
systems [17]. In thinking embodied in hard-ST, the 
word 'system' is used simply as a label for something 
taken to exist in the world outside. The taken-as-
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given assumption is that the world can be taken to be 
a set of interacting systems, some of which do not 
work very well and can be engineered to work better. 
In the thinking embodied in soft-ST, the taken-as-
given assumptions are quite different. The world is 
taken to be very complex, problematical, and 
mysterious. However, according to [18], the process 
of inquiry into it, assumed that, can itself be 
organized as a learning system. Thus, the use of the 
word 'system' is no longer applied to the world; it is 
instead applied to the process of our dealing with the 
world (see Fig. 1). This shift of systemicity (or 
'systemness') from the world to the process of inquiry 
into the world is the crucial intellectual distinction 
between the two fundamental forms of ST, hard and 
soft (as discussed in [18]). 

 
Figure 1:  
Hard and soft systems stances (source: [18]). 

 
 
For further clarification, it can be stated that:  

- hard systems: involve simulations, often computers, 
and the techniques used in operations research (OR) 
[19]. Hard systems consider the "How?" meaning of 
best attaining and examining the selected option of 
expansion and analysis. Hard-ST is beneficial for 
problems that can justifiably be quantified [18, 20]. 
However, it cannot easily take into account 
unquantifiable factors (opinions, culture, qualities, 
etc.) and may treat people as inactive rather than 
having complex incentives. Hard systems have an 
explicit objective governed by fixed rules such as 
those encountered in decision-making [21]. While, 
- soft systems: are used to tackle systems that cannot 
easily be quantified, particularly those involving 
public interacting with each other or within systems. 
It is useful for comprehending motivations, 
viewpoints, and interactions, but it does not give 
quantified answers [18]. Soft Systems looks at the 
"What?" of the system; what to do to gain an 
improvement, usual analyses before application? 

Checkland and Holwell [20] summarize that the 
soft systems view moves away from an ontological 

commitment and treat the definition as a question of 
epistemology, i.e. what can we know or find out 
about the world? Therefore, soft-ST improves the 
conceptual model using the formal system model. On 
the other hand, hard-ST optimizes the world, using 
the defined performance criterion, and selects the 
alternative that best meets the need and is feasible. 

 
3. SYSTEMS THINKING (ST) IN DESIGN DISCIPLINE  

ST in design has been being explored and 
developed in the work of Birger Sevaldson and 
colleagues [22-23], at Oslo School of Architecture and 
Design in Norway, in the last two decades. The 
approach has been named Systems-oriented Design 
(SOD), and its main intention is set to develop design 
priority skills, techniques, and methods for ST and 
systems practice in design.  

SOD has been influenced by modern ST and 
generative diagramming [23]. In an eclectic way, SOD 
strives to transform the different theories' thoughts 
to fit the design process. The approach is being built 
to develop practices for addressing increased 
complexity in design, e.g., due to globalization, the 
need for sustainability, and the introduction of new 
technology and increased use of automation. SOD's 
specific influence is soft-ST, acknowledging conflicting 
worldviews and people's purposeful actions [24], and 
a systems view on creativity. Its intention is primarily 
to deal with the challenges that designers meet today 
in the form of wicked problems [25-26]. 

In summary, SOD is a new version of ST and 
systems practice tailored by and for designers. It 
draws from designerly ways [27] of dealing with 
super-complexity derived from supreme existing 
design practices as well as refers to established 
perspectives in modern ST, especially soft-ST [17], 
critical-ST [28], and systems architecting. 
Furthermore, it is based on design skills like visual 
thinking and visualization in processes and for 
communication purposes. For this purpose, multiple 
techniques have been developed and currently been 
applied, such as GIGA-mapping, ZIP-Analysis, Rich 
Design Space, Incubation Techniques or War rooms, 
and Layered Scenario Mapping [22-23]. 

 
4. SYSTEMS ORIENTED BUILDING DESIGN (SOBD) 

To determine whether a building design performs 
well or not, a goal or aim is needed. Performance 
design criteria [29] are used to set goals for often 
measurable (e.g., energy consumption, thermal 
comfort, environmental impacts, etc.), and non-
measurable (e.g., aesthetics, health and wellbeing, 
safety, etc.) performance level. This will help both 
architects and engineers in the design process make 
decisions with contractors and owners, which 
ultimately leads to improved final quality throughout 
more informed design decisions [30]. 

 

Building design solutions can emerge from 
replacing poor solutions with rich or more effective 
ones following the patterns in the design process. 
Design processes fulfill solutions that satisfy a given 
set of design constraints and criteria, often evolving 
from abstract to measurable indicators. Even a design 
solution far from being perfect could be accepted 
when the design intentions are met. In this view, the 
design solution is improved if a) more attention and 
time is spent, b) more choices/solutions are 
considered and evaluated thoroughly, and c) positive 
and negative synergies of the decisions are explored 
cautiously. This adaptive-evolving character identifies 
concepts and solutions then transforms them 
progressively towards meeting the project goals, 
using the design criteria. This emphasizes the 
heuristic and circular nature of the design process, 
which needs to regularly re-characterize the initial 
design intentions to meet the project requirements. 
Finally, this process involves many actors and 
decision-makers who influence the final design.  

The discussion above is based on the 
understanding that given a building project, there are 
both many actors involved and many factors that 
influence the final design. As an outcome, there is not 
appeared to be one best/optimal solution to high-
performance building design problems, but a broad 
set of possible solutions, which depends on actual 
circumstances (e.g., cultural or geographical), should 
carefully be considered and assessed by the design 
team from multiple perspectives. It hints to the fact 
that finding a solution for a carefully defined and 
structured design problem is not a linear/straight 
process. Instead, the designer team should develop 
possible design solutions relevant to its environment, 
being only partly able to evaluate the consequences 
of their preferences to the final design. It requires 
continually identifying, developing, optioneering, and 
adapting optimal solutions while synthesizing the 
aims, design criteria [29], and target values [5]. 

This overarching approach can be found in critical-
ST [28], which aims to combine STs and participatory 
methods to look at the whole (i.e., socio-economic 
and environmental impacts) and address the 
challenges of problems characterized by large scale, 
complexity, uncertainty, impermanence, and 
imperfection, through using adaptive-evolutionary-
integrated-and-dynamic processes. This unfolds and 
codifies causal relationships between context, design, 
and performance variables [6] in a causal model, 
exploring positive and negative synergies of the 
decision and demonstrating the design causal loops. 
That also includes systematically defined design 
phases consisting of iterative cycles to deal with often 
non-linear performance characteristics of design 
criteria in relation to the building components for the 
entirety of their life cycle, ultimately contributing to 

more robust decision-makings and emerging most 
optimal and resilient final design solutions/strategies. 

Walking in this worldview, to include both soft-ST 
and hard-ST characteristics, buildings are not 
considered as a one-off, independent entities made 
up of separate building systems that are isolated from 
their surroundings-but instead as part of a holistic 
system (on macro and micro-level), an 
interdependent living part of the environment into 
which it is placed and belongs. In light of this, soft-ST 
improves the conceptual model using the formal 
system model. On the other hand, hard-ST optimizes 
the design, using the defined performance criterion 
and select the alternative, which best meets the need 
and is feasible. Similar ideas are found in learning 
theories developed from same fundamental concepts 
in ST realm, emphasizing how understanding results 
from knowing concepts both in part and as a whole, 
referred also as bottom-up vs. top-down characters. 
The outcome leads to examining the complexity and 
simplify it; recognize patterns, and create effective 
solutions. The goal is for all the sub-systems to work 
harmoniously, effectively, and synergistically, where 
each system is made stronger and not compromised 
by the presence of the others [31].  
 
5. SOBD IN PRACTICE 

As mentioned earlier, SOBD concept and its 
capability to deal with complexity in building design 
comes to life when implemented in an integrated 
design methodology, named Holistic Building Design 
(HBD), and it has been published before in [6]. HBD is 
described as a collaborative approach for designing 
buildings that focus on developing sustainable high-
performance buildings. The methodology is being 
researched and conceptualized by the author and 
empirically practiced on the design of high-rise 
buildings, with students from multiple specializations 
(i.e., tectonic design, construction management, 
structural engineering, ventilation, energy and indoor 
climate, and geotechnical engineering), in the 
master's level course, Integrated Engineering Project, 
at Aarhus University, Denmark, since 2017. 

The main elements of HBD are Integrated Design 
Process (IDP), Building Information Modeling (BIM), 
and Sustainability. The whole approach is built on top 
of ST to capture and face the complexity. In this 
framework, HBD strives to be holistic in that it 
involves multiple stakeholders (i.e., architect, 
engineers, contractors, and clients) from multiple 
specializations and backgrounds, and from the 
earliest design phases, each having input into what 
goes into making the decisions that will lead to the 
project ending (refers to the potential use of IDP). 
HBD's effort is to consider every stakeholders' 
demands and priorities so as to fulfilling the design 
objectives and criteria. It makes sure these decisions 
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are made with all the information shared at one time, 
and not in the more conventional linear way, in which 
each stakeholder maintains and controls its data and 
information (refers to the potential use of BIM). HBD 
simplifies and streamlines working relations and 
decision-making while dealing with the complexity 
incorporating ST's skills and awareness. This removes 
the traditional constraints and restrictions to a 
successful outcome (refers to the design of 
sustainable high-performance buildings) for all 
involved parties. To do so, the author has developed 
a version of ST (refer to the SOBD in this paper), 
which in contrary to SOD (as described in section 3), 
is related to combined soft-ST and hard-ST, where 
proprietary design concepts and simultaneous 
systems approaches are implemented through six 
phases (see Fig. 2), and occurs as follows: 
 
Figure 2:  
Iterative design phases in HBD (adapted from [6]). 

 
 
- In phase 1, where the design problem is being 
defined as broad or holistic as possible through the 
lenses of product, people, process, policy, and 
technology [32].  Questions answered: What are you 
doing? How are you doing it? What are you trying to 
achieve? Who should you involve? What technology 
do you need to use, and why? What data do you need 
to collect? Likewise, questions used to expand the 
view on the design are: What are the trends? Where 
are they going? What will be the future price we pay? 
How do we want the future to play out? 
- In phase 3, when the design problem is structured 
by selecting and identifying the interconnections and 
interactions between the context, performance, and 
design variables [6]. Decisions are made about flows 
having consequences that impact upstream and 
downstream and are visualized (i.e., see Fig. 3). Rich 
pictures and PQR methods from [18] are proposed. 
- In phase 4, when the design stakeholders reach a 
point in the design process where design variables 
are being synthesized with context variables to meet 
performance variables for improving sustainability 
objectives and high-performance criteria. Likewise, 
the various elements used in the project should be 
optimized, and detailed calculation models document 
the building performance. This is done within a two-
stage (a) optioneering – (b) synthesizing process. 
Questions answered: How do conditions arise and 
change? What are the critical conditions? What is the 

rate of change? What may bring a better change? 
Rich Design Research Space [33] and Gigamapping 
[34] are proposed. 
 
Figure 3:  
Typical exploration and representation of inter-connections 
and so causal-diagram among design variables. 

 
- In phase 5, when the concepts are presented, and 
design team begins to answer the following questions 
in order to see if the feedback loops are operating in 
the process. Questions answered: Do we have the 
same picture of the issue or strategy? If not, how do 
we get it? Is it clear and unambiguous? Is it rigorous? 
- In phase 6, when the design team has to 
continuously present, test, and improve the whole 
picture until there is nothing left to improve. The 
team knows they have done it well if their mental 
model of the solutions is as simple as possible. 
Questions answered: How do we build confidence in 
the theory? How do we keep it as simple as possible, 
but not simpler? Is the model too complex? Could we 
remove some of that complexity? 
- In phases 1-6, when the design team is guided into 
an integrated, iterative, adaptive, and evolutionary-
oriented and featured design process. 

In the case of soft-ST, when the design problem is 
not clear, the methodology consists of additional 
stages, which uses system analysis to orchestrate 
debate about change via proposed questions. These 
additional stages reflect the main characteristic of the 
human activity system and are embedded throughout 
the main body of the methodology. However, the 
human activity can never be described in a single 
account, which will be either generally acceptable or 
sufficient in the case of hard-ST. Here, soft-ST treats 
the problem as ill-defined or not easily quantified 
(occurs mainly in early phases, while defining and 
structuring the problem), and hard-ST assume that 
the problems associated with such systems are well-
defined, have optimum solutions, and that technical 
factors will tend to predominate (occurs mostly in 
middle/late design phases, where the design 
concepts/solutions are proposed, conceptualized, 

 

developed, simulated, and assessed). As a result, soft-
ST improves the conceptual design model using the 
formal system model, and hard-ST optimizes the 
design, using the defined performance criteria [29], 
and selects the alternative that best meets the need 
and is feasible. In other words, soft-ST lead to 
implement the agreed system, and hard-ST 
implement the designed system. This simultaneous 
top-down and bottom-up character, besides the 
integrated, iterative, and adaptive-oriented process 
in the actual design practice, ensures working with 
both the measurable (or hard nature [35]) and non-
measurable (or soft nature [35]) design criteria. 
  
6. CONCLUSION 

This paper presented details about SOBD, a new 
way of storytelling based on systems thinking and 
theory embedded as the theoretical foundation 
through an already developed integrated design 
methodology in [6], to carry out problem-solving in 
complex systems.  SOBD is being developed through a 
teaching-based research position. That is based on 
and positioned in the pedagogy of inquiry (similar to 
[20]). There are many feasible perspectives yet to be 
explored. The methodology as a R&D project will be 
moving through other stages where experiences will 
be considered more systematically while the concept 
is developed further. Emerging patterns of use and 
application will be elaborated on and reported. 
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ABSTRACT: This paper presents results of research conducted in 2021 and aimed at better understanding of the 
significance of individual sustainable initiatives and environmental activism. Qualitative and quantitative analysis 
was based on the results of 104 interviews followed by survey with the same participants. This allowed us for the 
identification of the most popular environmental actions and the assessment of their influence on energy savings 
and reduced CO2 emissions computed for individual households. The author examined the correlation between the 
ease and replicability of particular decisions and their measurable environmental impact. It was determined that 
the replacement of the major households appliances with the ones with the highest Energy Efficiency Index was 
the most popular decision (97%), resulting with energy savings of 126.2 MWh/y and avoided emissions of 36.6 ton 
CO2/y. The highest annual energy savings (172.64 MWh/y) and avoided emissions (42 tons CO2) were achieved in 
the households whose users decided to change their everyday means of transportation from car to bicycle or 
walking, and switched to renewable energy sources and natural ventilation while eliminating the use of air 
conditioning systems. The results were compared to the annual savings achieved in the reference LEED certified 
building occupied by 100 users. This comparison proved that individual decisions brought significantly higher 
savings with no extra costs. 
KEYWORDS: energy efficiency, CO2 emissions, climate resilience, environment, citizen engagement  
 
 

1. INTRODUCTION  
The choices we make today shape the world of 

the future. No matter how often this sentence might 
be repeated, the significance of individual 
environmental decisions constantly remains 
underestimated. Considering the pace of climate 
change it is absolutely crucial to intensify the efforts 
towards transition to sustainable living. Although the 
pandemic crisis diverted our attention from the 
climate problems, making us more focused on health 
issues, it turned out that for some individuals and for 
certain social groups, the problems of resilience and 
subsistence of humanity are critical and more deeply 
perceived.  

The environmental activism is gaining more and 
more popularity, especially among young people. 
This research was inspired by persons like Severn 
Cullis-Suzuki famous for her statement during The 
Earth Summit in Rio de Janeiro (1992) “If you don’t 
know how to fix it, please stop breaking it!” or Greta 
Thunberg who does not hesitate to criticise world 
leaders for the lack of sufficient climate action, but 
also by dozens of anonymous people who 
understood that if humanity is to survive, we need to 
live in a responsible way.  

The identified research gap addressed the 
significance of personal choices and decisions, taking 
into account their popularity and ease of 

implementation (Figure 1) as well as the real 
environmental effects of the actions taken. 

 
Figure 1: 
The comparison of significance and popularity of individual 
environmental choices [%]. 

 
 

2. AIM AND METHODS 
The aim of this paper is to present the results of 

research on the individual sustainable initiatives and 
environmental activism analysed in the building 
context. The study was conducted in 2021 and 
applied methods of interviews, survey and 
qualitative and quantitative analysis. The interviews 
(on-line and/or in person) were carried out with 104 
persons. This was completed by the short survey 
with the same participants. Based on the achieved 

 

results, the most popular environmental actions 
were identified and their significance in terms of 
energy savings and reduced GHG emissions was 
assessed. In the next step, out of 31 various forms of 
environmental activism declared during the first 
stage of research, 10 most popular conservation 
habits were selected for further analysis. For each 
activity the detailed calculations of environmental 
impacts, both positive and negative, were carried 
out. The outcomes were computed for individual 
households represented by the survey participants. 

The interviews consisted of 6 open questions and 
were conducted with 104 persons living in 12 
countries. Residents of the following states 
contributed to this research: Denmark (20%), United 
Kingdom (18%), Germany (16%), Poland (14%), Spain 
(8%), Italy (8%), France (4%), Austria (2%), Czech 
Republic (4%), Brazil (4%), Columbia (1%), and USA 
(1%). The first 46 participant were selected by the 
author, based on personal knowledge of sustainable 
initiatives undertaken by invited persons. Other 
respondents were indicated by the individuals 
already interviewed, also based on their personal 
knowledge. An astonishing observation was that 
over 80% of invited persons, although most of them 
very busy with their professional activities, agreed to 
participate in the interview. Additionally, over 50% 
of participants proposed at least one person to be 
interviewed due to the similar activities undertaken. 
This suggests that individuals with pro-
environmental attitudes are community oriented. 

 The questions asked during the interview 
addressed the individual sustainable initiatives and 
environmental activism. This part was designed to 
collect the information of the existing initiatives and 
understand the motivation behind them. The 
following questions were asked: 
1. What are your environmental / sustainable 

choices / initiatives? Please list up to 5. 
2. Do you believe your choices / initiatives have 

rather temporary or constant character? If 
possible, please indicate the timeline. 

3. What was the main rationale behind 
undertaking the aforementioned decisions?  

4. Do you think that your individual choices have 
an influence on your household (the 
consumption of energy, water and other 
resources, recycling, reduced amount of waste 
and other elements of circular economy,  etc.)? 

5. Do you observe the influence of your personal 
choices / sustainable initiatives on your friends 
/ family / people you know? Could you provide 
any examples / numbers? 

6. Do you believe you contribute to the overall 
planet health and resilience? Have you ever 
tried to evaluate / calculate your 

environmental impact? Could you provide 
some examples?  

The survey that followed the interview consisted of 
10 questions with multiple choice answers. This part 
of research was aimed at better understanding of 
the effects of individual sustainable choices and 
initiatives on the society, and the models applied in 
the households, in buildings and ‘green 
neighbourhoods’ scale.  

The results of the survey were analysed in terms 
of their technological, societal and economic 
potential. The first round of calculations addressed 
the embodied energy and environmental emissions 
using LCA method (Dettore, 2009), (Brunzell and 
Renström, 2020), (Tsang, Sonnemann, and Bassani, 
2016). The second step involved the comparative 
analysis of energy savings [MWh/y] and reduced 
GHG Emissions [kg CO2/y]. The applicability of 
particular approaches was evaluated and the 
number of followers was checked. In the last step, 
the achieved impact indicators resulting from 
individual decisions undertaken by the survey 
participants were compared to the average impacts 
computed for the reference unit model, established 
on the basis of data collected from ten LEED certified 
facilities occupied by similar groups of users (about 
100 persons per facility). 
 
3. RESULTS AND DISCUSSION 
 
3.1 Predominant individual environmental 
initiatives identified through research 
The following 10 environmental initiatives were 
identified as the most popular in the building scale: 
1. Replacement of all the major appliances in the 

households with the ones with the highest  
Energy Efficiency Index (59 ≤ EEI < 68 replaced 
with EEI ≤ 46), declared by 97% of respondents; 

2. Elimination of all the disposable plastics from 
households, 96%; 

3. Drinking tap water (instead of bottled), 81%; 
4. Meat elimination from the diet, 70%; 
5. Replacing AC with natural ventilation, 66%; 
6. Transition from car to bicycle for short travels, 

59%; 
7. Laundry limited to 1 cycle/week, 33%; 
8. Decision not to fly (mid-distance travels), 28%; 
9. Using renewable energy from PV roof panels 

instead of non-renewable energy, 25%; 
10. Replacing the lawn with a meadow, 13%. 

 
3.2 Energy efficient appliances 

The analysis of the aforementioned results 
allowed us to conclude that the most popular 
decision was related to the energy efficiency of all 
major household appliances. This action required an 
initial investment but was not only environmentally 
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beneficial but also economically profitable. In all the 
households in which this measure was implemented, 
energy consumption was significantly reduced (total 
annual energy savings of 126.2 MWh/year achieved 
in 101 households, giving an average of 1.25 MWh 
per household), which was reflected in the energy 
bills. Total savings of about €29290 and average 
savings of €290 per household were achieved in the 
first half of 2021 which translates to €380 per 
household in 2022 (due to the significant increase in 
energy prices at the beginning of 2022). These 
savings were quantified on the basis of an average 
price of 1KWh of energy for household consumers 
€0.2322 kWh in Europe (Table 1). Simultaneously, 
the avoided carbon dioxide emissions resulting from 
increased efficiency of main household appliances 
equalled 36.86 tons CO2 (Table 2).  At the same, it 
was confirmed that this conservation habit had the 
highest technological, social and economic potential. 
 
Table 2: 
Summary of annual reduction of energy consumption and 
carbon dioxide emissions from main household appliances 
 

Appliance 
Type 

Reduced Energy 
(MWh) 

Reduced Emissions 
(ton CO2) 

p/Household Total p/Household Total 
RReeffrriiggeerraattoorrss  0.23 23.42 0.067 6.803 
CCooookkeerrss    0.70 70.90 0.206 20.8 
DDiisshhwwaasshheerrss  0.21 21.18 0.061 6.149 
WWaasshheerrss  0.11 10.71 0.031 3.108 
  11..2255  112266..2211  00..336655  3366..8866  

 
3.3 Disposable plastic 

The second most popular decision dictated by 
environmental concerns was the elimination of all 
the disposable plastics from the households. This has 
been achieved through a fundamental change in the 
way the survey participants would shop. 
Respondents explained that they used solely 
reusable packaging when shopping, giving 
preference to shops and distribution points that 
allow this. Despite initial difficulties due to the need 
for a change in behavioural patterns, the decision 

was ultimately found to be easy to implement. The 
calculation shown significant benefits resulting from 
this conservation decision, and in particular the 
annual energy savings of 75.1 MWh (270.3 GJ) and 
reduced CO2 emissions of 12.72 tons CO2 per year. 
Reduction of energy consumption from plastic 
production was computed using the Equation (1): 

REP = RPHw · 53 · Cn · EP (1) 

Reduction of carbon dioxide emissions from plastic 
was calculated using Equation (2): 

RCP = RPHw · 53 · Cn · CEP (2) 

Where:  
REP - annual energy savings resulting from disposable 
plastic (MWh) 
RCP – annual reduction of carbon dioxide emissions 
of plastic (ton CO2) 
RPHw - an average weekly reduction of disposable 
plastic per household estimated on the basis of the 
survey results (kg) 
53 - a number of weeks per year  
Cn - a number of households 
EP – embodied energy of plastic (MJ) 
CEP - carbon emission from plastic per kilogram of 
material produced (kg CO2) 

Embodied primary energy of plastic, i.e., the total 
amount of energy required to produce 1 kg of plastic 
(from crude oil), was calculated by (Gutowski, Sahni, 
et al., 2013) and remains in the range of 62-108 
MJ with the average value of 85 MJ/kg. Carbon 
emission from plastic per kilogram of material 
produced calculated by (Gutowski, Sahni, et al., 
2013) may vary from 3 to 5 kg CO2 per 1 kg of plastic 
produced, and the average value is 4 kg CO2. 

 
3.4 Car vs bicycle or pedestrian transportation 
The highest annual energy savings of 172.64 

MWh and reduced emissions of 42 tons CO2 resulted 
from a simple but sometimes challenging decision to 
change everyday transportation methods from car to 
bicycle or walking. The number of avoided travels 

Table 1: 
Electricity prices (including taxes) for household consumers, first half 2021. Source: Eurostat (Eurostat, 2020) 

 

was estimated based on the assumption that the 
average sum of car travels per week is 100 km 
excluding longer holiday trips. This value was 
calculated for the 3 groups of travels: everyday 
travels to work and school, frequent journeys such 
as shopping and entertainment, and occasional 
weekend trips. The survey participants declared that 
the aforementioned journeys were avoided by giving 
preference to bicycle and walking.  

Energy reduction for 100 km per week per person 
was computed for the average fuel consumption 
estimated as 6 litres/100 km. This method has 
limitations since carbon dioxide emissions were 
calculated using EEA data for performance of new 
passenger cars in Europe. It is important to note that 
for other regions and less efficient engines, the 
emissions might alter. 

Annual energy savings from fossil fuel 
consumption of car travel were calculated using 
Equation (3): 

REFC = RFCw · 53 · Cn · 8.9 kWh/L   (3) 

Taken the calculation rate of CO2 emissions from 
passenger cars provided by European Environment 
Agency (EEA, 2019) as 130 grams of CO2 per 
kilometre, the annual reduction of CO2 emissions 
from fossil fuels from car travels for a survey group 
can be calculated using Equation (4): 

RCFC = RDw · 53 · 130 g CO2/km · Cn (4) 

Where: 
REFC - reduced fossil fuel consumption per person per 
week (L) 
RCFC – annual reduction of carbon dioxide emissions 
from fossil fuels from car travels (ton CO2) 
RDw - reduced travel distance per week (km),  
Cn - a number of people who declared this change 
53 - a number of weeks per year,  
8.9 kWh - an energy equivalent of 1 litre of gasoline. 
 
3.5 Renewable Energy Sources 
The energy savings resulting from transition from 
non-renewable energy sources to the solar systems 
installed in 25% of analysed households reached a 
considerable value of 104 MWh per year. 
Respectively, the annual carbon emissions from non-
renewable grid electricity (replaced with 
photovoltaic electricity) were reduced by 17.37 tons 
CO2. Taken the average PV system size of 4.5 kW, an 
annual production of photovoltaic energy per 
household (EPVh) was computed and it equalled 
4000 kWh. For the carbon emission savings an 
average grid carbon intensity, estimated by 
(European Commission, 2021) at 255 g CO2 for a kWh 
of electricity produced for the grid in 2019, was used, 
and with the SunEarthTools Calculator 
(SunEarthTools Calculator, 2021) the savings of CO2 

emissions were estimated to be 1020 kg CO2. 
Furthermore, cradle-to-grave method was applied to 
calculate the footprint of solar panels (a functional 
unit of an average kWh of electricity generation over 
25 years using a solar rooftop array) and it equalled 
88 g CO2/kWh (Houses of Parliament, 2011). 
 
3.6 Air Conditioning vs Natural Ventilation 
The analysis of the survey results revealed that one 
of the most significant environmental choices was 
related to the avoidance of air-conditioning systems 
in favour of benefiting from natural ventilation. In 23 
analysed households the residents decided not to 
use anymore the AC devices installed in their 
premises, while other 44% of respondents opted not 
to have any AC systems in households and learned 
the correct natural ventilation patterns instead. The 
environmental impact from AC for cooling purposes 
was calculated for the energy efficiency class A under 
average climate conditions for medium 
temperature. The average cooling capacity of the air 
conditioner for the average dwelling size reported in 
the survey was 6.8 kW. The maximum input energy 
consumption of the air conditioner was determined 
as 2.3 kW and the average energy consumption per 
hour was assumed to be 2 kW. Typically, the air 
conditioning systems were used for 6 hours per day, 
90 days per year. 
Consequently, total annual reduction of energy 
consumption for cooling purposes achieved 74,52 
MWh, which was computed using Equation (5): 

REAC = TACd · NACd · Each · Cn   (5) 

Where: 
REAC – annual reduction of energy consumption for 
cooling purposes (MWh) 
TACd – an average daily operational time of air 
conditioner estimated through survey as 6 (h) 
NACd - a number of AC system working days per year 
estimated as 90 (days) 
Each - an average energy consumption per hour, 
estimated as 2 (kWh) 
Cn - number of people who declared this change. 
 
The total annual reduction of carbon emissions from 
AC devices reached the value of 21.63 ton CO2/year 
and it was computed per kWh from electricity and 
heat for 74.52 MWh/year, using SunEarthTools 
calculator (SunEarthTools Calculator, 2021) for the 
European region. 
The limitation of this method is due to the fact that 
the calculation was performed for the European 
region, while for other regions the results may vary. 
Additionally, the emissions from production and 
installation of AC devices were not calculated in this 
study.  
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3.7 Water savings 
The results shown that the water conservation was 
observed in changed laundry habits and replacing a 
traditional lawn in front of the house with a natural 
meadow. In the first model, the participants limited 
the number of washing cycles in the households to 
one per week while using lower washing 
temperature (30 up to 40°C). This brought annual 
energy savings of 6.49 MWh and reduced emissions 
of 1.89 tons CO2. The second intervention was 
related to water savings from irrigation as well as 
reduced emissions (0.057 tons CO2/year) and energy 
savings from avoided mowing (0.2 MWh/year). The 
calculation demonstrated that these savings were 
relatively low in comparison to other pro-
environmental activities identified within the 
research. 
 
3.8 Environmental vegetarianism  

Significant number of participants declared the 
transition to environmental vegetarianism. As many 
as 70% refrain from eating meat products in purpose 
to limit their carbon footprint. The calculation 
allowed to assess thus achieved energy savings: 25.8 
MWh/year, and reduced GHG Emissions: 5.25 tons 
CO2/year. The environmental costs of producing 
cultured meat (Clune, Crossin, and Verghese, 2017), 
namely the energy consumption and GHG emissions 
were computed with the application of LCA 
methodology based on ISO14044:2006 guidelines 
(ISO, 2006) applied by (Tuomisto, Teixeira de Mattos, 
Joost, 2010).  

 
3.9 Evaluation of results 

The analysis of individual choices and the 
calculation of their environmental impacts 
established the basis for the sustainable living 
behavioural model in the building scale. The most 
popular decisions were not always the easiest, nor 
the most significant in terms of energy and emission 
direct savings. The example of such a choice was an 
elimination of disposable plastic from households 
which required radical change in consumer’s 
patterns. The computed annual savings were high 
but still about 30% lower than the savings resulting 
from the installation of photovoltaic panels. On the 
other hand the long-term environmental impact of 
disposable plastic is remarkable and the initiative 
undertaken by 96% of survey participants aimed at 
its reduction is truly impressive.  

While it is commonly believed that plane travels 
generate some of the highest environmental 
footprint both in terms of non-renewable energy 
(fossil fuel consumption) and high CO2 emissions, 
this research allowed to assess the real-life impacts 
of avoided plane travels in comparison with other 
conservation habits. This allowed us to conclude that 

an average family can safe seven times more on 
everyday short distance trips and five times more on 
energy efficient household appliances, than on a 
single plane travel on 1000 km distance avoided once 
per year. The information how significant are our 
routine journeys to work, school, shopping and 
entertainment facilities may be an important 
argument in favour of 15-minutes city concept. 
The summary of results is presented in Figure 2. 

 
Figure 2:  
The environmental impact of individual decisions in terms 
of energy and GHG emissions annual savings. 

In the last part of research the author compared 
the calculated savings resulting from individual 
initiative of 104 persons who have taken part in the 
survey to the benefits and costs of LEED certified 
office and mixed-use building occupied by an 
average number of 100 persons for 12 months. Ten 
LEED buildings located in climatic and economic 
conditions corresponding to the distribution of 
locations characterising the research participants' 
premises were selected for analysis. The model of 
LEED Certified Reference Facility (LCRF) was 
established. The comparison was made for energy 
consumption and energy savings calculated per 1 m2. 
Similar calculations were performed for the reduced 
CO2 emissions. An average size of dwelling estimated 
on the basis of the respondents statements was 68 
m2. This allowed us to create a model of a Standard 
Reference Dwelling (SRD). In the SRD (new 
construction from last 10 years), the primary energy 
consumption was estimated as 212 kWh/m2 per year 
(Skanska, 2016). For the LCRF the average annual 
energy consumption was calculated as 170 kWh/1 
m2 (Montgomery, 2018). Therefore, the energy 
savings were about 42 kWh/m2, which means that 
the calculation results are in line with the 
assumption that the LEED certified building typically 
consume about 20-25% energy less than non-LEED 
buildings.  

The average annual energy savings achieved by 
the research participants through their individual 
environmental decisions were calculated per 

 

household and equalled 91,48 kWh/m2. This means 
that the savings compared to SRD were more than 
twice bigger than the savings achieved in LCRF. The 
comparison of results with the energy savings in the 
passive house is in favour of the passive house with 
the energy savings of approximately 180 
kWh/m2/year. 

 
4. CONCLUSIONS 

The research allowed us to evaluate the 
significance and applicability of specific individual 
choices and environmental initiatives identified 
through the survey with 104 participants. The annual 
energy and carbon emission savings in a building 
scale were calculated for the 10 most popular 
initiatives. The correlation between the ease and 
replicability of particular decisions and their 
measurable environmental impact was examined. 
The results of the study shown that the most popular 
decision, undertaken by 97% of survey participants, 
was the replacement of the major households 
appliances with the ones with the highest Energy 
Efficiency Index. This resulted with energy savings of 
126.2 MWh/y and avoided emissions of 36.6 ton 
CO2/y. The most significant impacts were achieved  
in the households where users decided to change 
their everyday transportation means from car to 
bicycle or walking. This brought about the highest 
annual energy savings of 172.64 MWh/y, and the 
avoided carbon dioxide emissions of 42 tons CO2 per 
year. The second most valuable decision in terms of 
reducing the negative environmental impact was 
related to the switch from non-renewable to 
renewable energy sources (photovoltaic energy) and 
natural ventilation, while eliminating the use of air 
conditioning systems in the examined households.  

The calculation results were compared to the 
similar benefits achieved in LEED Certified Reference 
Facility occupied by the group of 100 users for one 
year (reductions vs costs). This comparison has 
proven that the individual decisions brough about 
more than twice higher savings with no extra costs. 
The final conclusions addressed the underestimated 
significance of individual environmental choices and 
new conservation habits resulting from the 
awareness of climate change and the urgent need to 
combat its effects. 
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An innovative approach for teaching physics of the built 
environment 

 

 
 
ABSTRACT: This article addresses an innovative proposal for the teaching of building physics of the built 
environment that considers both active learning and visualization through two or three-dimensional models. The 
focus is on some aspects related to passive thermal design and acoustics, taught in the first years of Architecture 
and Urbanism undergraduate courses in Brazil. The proposal consists of four workshops to be held in disciplines 
of physics of the built environment in 2022, namely natural ventilation, building materials, solar incidence, and 
acoustics, and that will use traditional and novel equipment and tools, such as heliodon, wind tunnel, water 
table, didactic hot box, and scale models for acoustics. Both equipment and tools, as well as the didactic 
procedure of the workshops are described. The research aims at contributing to the literature by integrating 
visualization and active learning methodologies into a unique approach. 
KEYWORDS: Energy, Comfort, Acoustics, Teaching. 
 
 

1. INTRODUCTION 
The proposed approach refers to the teaching of 

physics of the built environment to future architects 
and urban planners. The focus is on the interface 
between physics and architectural and urban 
design, which is essential for preparing 
professionals for dealing with complex 
environmental issues that frequently arise. 

The difficulties faced by integrating physics in 
the design process include the understanding of the 
phenomena involved and the consequent 
proposition of solutions; thus leaving a gap 
between scientific knowledge and design learning 
and practice [1] that can be reduced by visualization 
in two- or three-dimensional models [2]. 

Concerning teaching and the design process, the 
use of active learning methodologies is another 
approach that has provided good results. Students 
are stimulated to observe, analyze, ask, discuss, and 
solve problems on what they see or measure [3]. 

The Solar Decathlon Competition [4] is a good 
example of active methodologies that apply the 
learning process through problem-solving and a 
transdisciplinary approach. It has been held since 
2002 and is currently the most prestigious 
international student competition for sustainable 
habitat. Teams must design, build, and manage a 
house prototype taking into account sustainability, 
energy efficiency, self-sufficient houses powered by 
renewable energy and comfort, among other 
aspects. The process of solving social and urban 

problems and its design, construction, and testing 
with scientific and humanistic parameters has been 
highlighted from a pedagogical and teaching 
perspective [4]. 

The application of active learning methodologies 
enables students to become active subjects of their 
own learning, instead of passively receiving 
knowledge [5]. Therefore, the integration of active 
learning and visualization of physical phenomena 
seems to be a promising alternative to be explored. 

On the other hand, few studies have addressed 
didactic proposals in the area, and even fewer have 
considered visualization and active methodologies. 
The present article introduces a proposal that 
enables students to more effectively understand 
the theoretical foundations of building physics 
through active learning and visualization. The focus 
is on aspects related to passive thermal comfort 
and acoustics in the built environment.   
 
2. METHOD 
 
2.1 Proposal format 

The research was jointly developed at Institute 
of Architecture and Urbanism (IAU) and Faculty of 
Architecture and Urbanism (FAU), both from the 
University of São Paulo (USP), in Brazil. 

The topics chosen were natural ventilation, 
building materials (thermal behaviour), solar 
incidence, and acoustics (sound propagation), 
taught in the first years of the Architecture and 
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Urbanism undergraduate course in both Faculties 
and whose correct understanding is the foundation 
for physics of the built environment. They were 
organized into four workshops, since it was 
considered the most adequate manner to apply the 
didactic proposal to the places where they will be 
offered.  

The elaboration of the workshops was based on 
the existing equipment of the Environmental 
Comfort Laboratories of both faculties, so that the 
resources could be used in a complementary and 
efficient way. Innovative equipment and tools were 
also created towards enabling any type of 
visualization or measurement not yet available. 

The Results section addresses the workshops' 
proposals; however, their application was 
postponed to the year of 2022 due to COVID-19 
pandemic. The Method section describes the 
objective of each workshop and the equipment or 
tools used for their application.  
 
2.2 Natural ventilation workshop: objectives and 
equipment 

The objective is to teach wind driven ventilation 
in the built environment (indoor and outdoor), since 
it is an important comfort strategy for hot and 
humid climates - this is the case of most Brazilian 
bioclimatic zones, at least during the summer [6]. 
Airflow is a complex phenomenon that can be easily 
understood through visualization in scaled models. 
Tests will be applied in two pieces of equipment, 
namely water table and wind tunnel, used in a 
complementary way.   

Water table (Fig. 1) simulates wind driven 
ventilation and enables airflow visualization in two-
dimensional models [7, 8]. The water table of 
Institute of Architecture and Urbanism has two 
water tanks of 92.5 liters each and 1.10 meter 
length, and a 0.74 meter wide test area. The usual 
indicator for visualizations is dishwasher detergent. 

 
Figure 1:  
Water table of Institute of Architecture and Urbanism, 
University of São Paulo. 

 
 
Tests in wind tunnels (Fig. 2) determine the 

influence of natural ventilation on the performance 

of architectural projects, as well as any physical 
structure to be verified for aerodynamic effects. 
Evaluations are conducted in a qualitative/ 
quantitative way and based on the use of physical 
models on a reduced scale (in this case, in the 
Atmospheric Boundary Layer Wind Tunnel). 

 
Figure 2:  
Wind tunnel of Faculty of Architecture and Urbanism, 
University of São Paulo. 

 
 

2.3 Building materials workshop: objectives and 
equipment 

A simplified version of the box prescribed by 
ASTM and ISO standards [9-11] will be adopted, and 
the main objective of the proposed didactic hot box 
(Fig. 3) is the understanding of the heat flow 
through an opaque envelope and its thermal 
properties in an intuitive and experimental way, 
through an infrared visor. 

 
Figure 3:  
Construction of the didactic hot box. 

 
 
The specificity of the equipment stems from the 

simplification of more complex models, e.g., 
elimination of part of the device called cold box 
towards prioritizing analyses of the thermal 
properties of materials worked in undergraduate 
and graduate projects of Architecture and Urbanism 
and Engineering. 

The envelope to be analyzed will be fitted to the 
front of the hot box. Then, one surface will be 
heated, increasing the temperature difference 
between the two surfaces of the analyzed element. 
Stimulating a heat flow from the inside to the 
outside through the analyzed wall will facilitate the 
thermal transmittance measurement methods. 
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2.4 Solar incidence workshop: objectives and 
equipment 

A heliodon, which simulates sun beam and 
shadows in small scale models in several latitudes 
will be used.  

It is important equipment for the teaching of 
solar geometry, since it represents the path of the 
sun throughout the day and the year in an easy way 
that is close to reality [12]. 

The heliodon from the Institute of Architecture 
and Urbanism has fixed arches and a tilting table. 
This type is not the best for teaching purposes; 
therefore, it has been remodelled for the workshop 
(Fig. 4), and changes included insertion of a fixed 
table, rotation of the arcs, and use of automation 
for turning on the lights and for all movements of 
the arcs. 

 
Figure 4:  
Heliodon before and during remodelling. 

 
 

2.5 Acoustic workshop: objectives and 
equipment 

Acoustic phenomena and sound propagation are 
complex and difficult to understand. Some didactic 
approaches with physical scale models can be used 
towards facilitating their comprehension; they 
range from visualization of sound waves in two-
dimensional models filled with water, visualization 
of sound rays in simple optical models, and a 
complete study of phenomena in three-dimensional 
scale models. 

Despite advances in computational modelling in 
acoustics, reduced models remain useful, since they 
enable a complete physical reproduction of some 
phenomena that are not fully known and complex 
to be numerically modelled (e.g., diffusion, 
scattering, and sound absorption) [13-16]. They also 
have a high didactic value and act as pedagogical 
tools that demonstrate basic phenomena of sound 
propagation [13, 17]. Scale models and changes in 
their configurations and materials lead to quick 
reproductions of different effects of sound 
propagation within them. 

Covering particular surfaces of the model with 
sound-absorbing materials helps the identification 

of various defects, which include significantly 
delayed reflections, reflected sound concentrations, 
and others in the reflection profile. Changes in the 
shape of the model or addition of a new reflective 
surface promote quick checks into the effect 
achieved. 

Another didactic approach, called auralization 
[18], Fig. 5, is subjective and related to sound 
perception (with the students listening to different 
acoustic responses in different situations and 
feeling different sensations). Although not so 
simple, the possibility of producing a sound similar 
to that of real space in a model (and hearing how it 
would sound if it were emitted in a real room) is 
very attractive. 

 
Figure 5:  
Block signal processing for auralization [18]. 

 
 
The acoustic workshop aims to integrate both 

visualization and perception of acoustic 
phenomena. Two classrooms from the Faculty of 
Architecture and Urbanism, Fig. 6, will be built in 
small scale models mounted with a suitable set of 
equipment that measures room acoustic 
parameters, such as reverberation time, and 
obtains their impulsive responses. 

 
Figure 6:  
Classroom of Faculty of Architecture and Urbanism, 
University of São Paulo – in situ measurements and 
model. 

 
 
In a simple definition, the room impulsive 

response is a type of “acoustic signature” of the 
room, from which several acoustic parameters can 
be obtained through signal processing and some 
transformations. They enable the determination of 
practically the entire acoustic behavior of the room 
and generation and reproduction of sounds in it, 
which can be heard through auralization. 

 

The scale measurements will follow the 
procedures for real scale described in international 
standards ISO 3382-2 [19] and ISO 18233 [20]. 
Different impulse responses of the room (for 
different situations) and their corresponding 
acoustic parameters will be obtained and sound 
recordings will be heard by the students, so that 
they can quantitatively and qualitatively analyze the 
different acoustic situations. Along with pre-
workshop measurements and collection of 
objective results, images of the procedure will be 
provided for explanations during the workshop. 

 
3. RESULTS 

This section details the didactic procedure 
developed for each workshop. 

 
3.1 Natural ventilation workshop 

A very brief theoretical explanation will be given 
prior to the presentation of the wind tunnel and the 
water table so that students can better evaluate the 
tests to be conducted in the equipment. 

Wind tunnel will be the first equipment to be 
used. The erosion figures [21] resulting from the 
tests will be used for the visualization of the velocity 
field at ground level. Images obtained from 
different wind flow velocities during the test 
correspond to the contours where the friction 
velocity assumes the limit value of saltation or sand 
drag (Fig. 7). Variations in the flow velocity provide 
a set of lines (sand displacement) where the 
resulting figures of each flow are formed, and, 
therefore, areas of stronger or weaker influence of 
wind and those where its effect can be more or less 
perceived on the flow can be identified.  

 
Figure 7:  
Example of the result of erosion figures. 

 
 
According to the active learning methodology, 

first tests are applied and students observe what 
occurred, take notes, think, discuss, and try to 
explain the phenomena. The complexity of the 
analyzed configurations gradually increases, and 
models scale varies towards helping students 
consider airflow in the built environment in an 
integrated manner (inside and outside buildings for 
a same configuration).   

Evaluations in the water table are either 
conducted in sequence, or intercalated with those 
carried out in the tunnel. First tests consider the 
configurations used in the tunnel for the 

understanding of complementary aspects. For 
example, indoor airflow is visualized in a two-
dimensional water table model (Fig. 8), whereas the 
same configuration is measured/visualized in a 
three-dimensional wind tunnel model. After 
students have acquired a better domain of test 
procedure and natural ventilation concepts, 
complementary configurations can be explored in 
the two pieces of equipment. 

 
Figure 8:  
Indoor airflow visualized in water table [22]. 

 
 
The number of configurations to be analyzed in 

the workshop is variable and depends on the time 
available, number of students, and desired 
knowledge level. 

 
3.2 Building materials workshop 

Theoretical methods of calculating the thermal 
transmittance of opaque envelopes will be 
presented. The importance of the envelope in the 
energy balance of buildings and the way students 
can evaluate the most appropriate constructive 
elements for the climate to be inserted will also be 
explained. 

Students will be encouraged to understand the 
physical phenomena and theoretical calculations, 
build walls through different construction methods, 
and predict the way of heat flow occurrence in the 
tested samples. Films of samples of different 
transmittance values will be edited by the time 
lapse technique for a comparison by the students. 

Simultaneously with the capture of the images, 
data will be collected for calculations of the thermal 
transmittance values through the flow-metric 
method described in the ISO 9869-1 [23] and ASTM 
C1155 [24] standards, and compared with those 
predicted theoretically. 

 
3.3 Solar incidence workshop 

A theoretical explanation of solar geometry will 
be given prior to the presentation of the heliodon 
equipment and students will perform several sun 
beam and shadows simulations with small scale 
models. The simulations will consider both building 
and urban scales. Regarding the former, a simplified 
small building model with windows and different 
detachable solar shade systems for façades can 
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simulate shading for openings at several times of 
the day and for different solar orientations (Fig. 9). 

 
Figure 9:  
Small scale building model with detachable solar shade 
systems for heliodon. 

 
 
In this proposal and according to the active 

learning methodology, students can change the 
detachable solar shading systems and observe what 
occurs. They can take notes, think, discuss, and try 
to find the best solution for each façade according 
to the time of the day, latitude, or season of the 
year. Moreover, they can verify if the solar shading 
system is necessary or not - for example, when 
sunlight is considered important for indoor heating 
or health purposes. 

A small urban scale model will assess the 
influence of tall buildings or the presence of 
vegetation near a building on the shading land area. 
Students will be able to change the position of the 
building in the land area and verify the importance 
of neighbouring buildings and solar orientation to 
correctly place rooms in the building. They can 
discuss the best solution for the analyzed site 
conditions.  

With a better domain of solar geometry 
concepts and the heliodon operation, students can 
explore complementary configurations in both 
urban and building scales. 

 
3.4 Acoustic workshop 

The first part of the workshop will consist of 
theoretical explanations about sound phenomena, 
including their generation, propagation, reflection, 
absorption, diffusion, and scattering. 

The second part will involve a brief presentation 
of the real classrooms, followed by listening 
activities. The students will listen to sound 
recordings previously obtained in the reduced-scale 
physical models under two different conditions: 
with reverberation times suitable for their use as 
teaching environments, and with very high 
reverberation times for which speech intelligibility 
is compromised. The students will not be told which 
recording corresponds to the high or to the 
adequate reverberation time. According to the 
active learning methodology, they shall take notes, 

think, discuss, and try to find and explain the 
differences they perceive in sounds. After an open 
discussion, the way the different recordings were 
obtained will be revealed and a detailed description 
of the experiments through images, films, and 
graphics will be provided. 

In a third and last part of the workshop, the 
students will conduct tests in the scale models of 
classrooms. As in the natural ventilation workshop, 
the number of analyzed configurations can vary 
according to the group of students and available 
time. 

In the first workshop, only room acoustics will be 
addressed; however, the same small scale urban 
models used in both natural ventilation and solar 
incidence workshops will be further used in studies 
on urban acoustics. 

 
4. CONCLUSIONS 

This paper described the didactic procedures of 
four workshops for the teaching of basic concepts 
of acoustics and passive thermal design through 
traditional and novel equipment and tools, such as 
heliodon, wind tunnel, water table, didactic hot 
box, and scaled models for acoustics. 

The proposal offers an innovative approach for 
teaching physics of the built environment by 
integrating visualization into two- or three-
dimensional models and active learning 
methodologies and contributes to the considerably 
scarce literature on the subject.  

Due to COVID-19 pandemic, the workshops will 
be held during the year of 2022 and enable 
evaluations and adjustments for their 
improvement. Future studies will also expand the 
proposal by including new topics, workshops, 
equipment, and tools.  
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ABSTRACT: The current 2020 NAAB Conditions for Accreditation call for teaching a truly integrated architectural 
design approach – one in which students’ formal, spatial, and aesthetic decision-making is informed, if not driven, 
by environmental and building performance considerations. We consider the AIA Framework for Design Excellence 
and related COTE Top Ten for Students Competition for their potential to serve as guides or models for structuring 
integrated design coursework, given that this competition studio is by nature an integrated design studio and that 
in some programs it serves as such for the purposes of meeting NAAB accreditation. To determine best practices 
for such a studio and related coursework, we conducted a survey of competition-winning faculty. Our research 
revealed three themes – while all 10 design principles of the AIA Framework for Design Excellence are essential, 
the climate crisis dictates the priorities; various forms of collaboration are key to managing the complexity of an 
integrated design approach with measurable environmental and building performance outcomes; and the addition 
of the COTE Top Ten for Students Competition to the integrated design studio increases the breadth and depth of 
student learning opportunities without constraining student or faculty creativity. 
KEYWORDS: Architectural Education, Integrated Design, Zero-carbon 
 
 

1. INTRODUCTION 
The climate crisis warrants a wholesale 

reconsideration of our approach to architectural 
education in North America. However, the need for 
climate action is so profound that we must find ways 
within our current approach to educate architecture 
students for zero-carbon built environments. While 
many courses come into play, particularly those 
within a typical technical course sequence, perhaps 
the course with the greatest untapped potential is 
the so-called “integrated” design studio. 
 
1.1 The NAAB Conditions for Accreditation and the 
Integrated Design Studio 

The now replaced 2014 National Architectural 
Accrediting Board (NAAB) Conditions for 
Accreditation required programs to demonstrate 
that students possessed “Ability to make design 
decisions within a complex architectural project 
while demonstrating broad integration and 
consideration of environmental stewardship, 
technical documentation, accessibility, site 
conditions, life safety, environmental systems, 
structural systems, and building envelope systems 
and assemblies” (NAAB 2014). Programs typically 
met this criterion, C.3: Integrative Design, with 
evidence from what many called the “integrated” 
design studio. The current 2020 NAAB Conditions for 
Accreditation are a substantive revision, and the 
conditions make clear that the corollary Student 
Criteria, SC.5: Design Synthesis and SC.6: Building 

Integration, can be satisfied with evidence from a 
single course or multiple courses (NAAB 2020). 
However, both criteria state that the program must 
ensure “that students develop the ability to make 
design decisions within architectural projects…” 
(NAAB 2020), which means that the integrated 
design studio will likely maintain its central role in 
achieving these objectives. 

Moreover, the broad and immeasurable concept 
of “environmental stewardship” mentioned in the 
2014 criterion has been replaced in SC.5 by the 
phrase “…consideration of the measurable 
environmental impacts of their design decisions” and 
in SC.6 by “…the measurable outcomes of building 
performance” (NAAB 2020). These phrases 
represent a seismic shift for NAAB student learning 
objectives. Environmental and related building 
performance considerations are no longer relegated 
to criteria that apply only to the technical courses, 
but now must be considered “within architectural 
projects”. As with many, if not most, of the 172 
NAAB-accredited programs, our institution’s 
integrated design studio learning objectives do not 
include measuring building performance, so we set 
out to determine how best to structure and 
implement a design studio in support of these 
expanded objectives. 
 
 
 

 

1.2 The AIA Framework for Design Excellence and 
Integrated Design Studio Teaching 

The opportunity here is to not only meet the new 
NAAB accreditation criteria, but to teach a truly 
integrated architectural design approach – one in 
which students’ formal, spatial, and aesthetic 
decision-making is informed, if not driven, by 
environmental and building performance 
considerations. A framework in support of such an 
approach has been developed by the American 
Institute of Architects (AIA) Committee on the 
Environment (COTE). Proposed in 1997, the COTE 
Top Ten Measures for Sustainable Design provided 
the framework for the COTE Top Ten Awards 
Program, and, in 2019, these measures were 
adopted by the AIA as their definition of design 
excellence. The AIA Framework for Design 
Excellence, as it is now called, consists of 10 design 
principles: integration, equitable community, 
ecosystems, water, economy, energy, well-being, 
resources, change, and discovery (AIA 2022). 

With the introduction of the COTE Top Ten for 
Students Competition in 2014 based on the original 
COTE Top Ten Measures, these principles are now 
spurring change in North American architectural 
education. The 2021 competition alone had over 800 
participants from 67 schools, nearly 50% of NAAB-
accredited institutions. Given that this competition 
studio is by nature an integrated design studio and 
that we were aware that in some programs it serves 
as such for the purposes of meeting the NAAB 
accreditation criteria mentioned above, we decided 
to conduct a survey of competition-winning faculty 
to determine the best practices for integrated design 
studio teaching. 

 
2. RESEARCH STUDY METHODOLOGY 

Referring to the competition website, we 
gathered basic information on all the winning entries 
from the competition’s inception in 2015 through 
2021, the time of this study (ACSA 2022). From this 
initial data collection, we identified 74 faculty 
sponsors from 31 institutions (approximately 23% of 
the 136 NAAB-accredited institutions). We then 
determined the quantity of winning entries per 
faculty and/or faculty team. We limited survey 
participants to those faculty with repeated success 
sponsoring winning student teams as it seemed 
reasonable to assume that such success was at least 
in part due to the teaching approach. Nineteen 
faculty representing 12 institutions fit this criterion, 
approximately 26% of winning faculty sponsors and 
approximately 39% of winning institutions. Nine 
faculty representing 10 institutions agreed to 
participate in the study, an 83% response rate among 
institutions to our request for participation. Of note, 

four of these institutions won the competition four 
or more years, often consecutively. 

We used structured interviews (Seidman 2006) to 
collect detailed information from the participants on 
three major topics related to design studio teaching 
– Course Goals & Objectives, Course Structure, and 
Course Implementation. These topics and the 
questions under each were generated from both our 
own design studio teaching experiences and a recent 
publication by Prof. Ulrike Passe (2020), “A design 
workflow for integrating performance into 
architectural education”. Additional questions 
served to introduce the study and prompt 
conversation as well as conclude the discussion. The 
study was approved by the Internal Review Board at 
our institution and was conducted in compliance 
with their procedures and policies. Further, 
respondents are referred to anonymously unless 
they have given written consent to be referred to 
directly. Interviews were conducted remotely via 
Zoom, a video conferencing application, and were 
recorded with participant permission. We used 
Adobe Premiere Pro software to generate written 
transcripts that we edited manually. 

To analyse and synthesize the content of the 
interview transcripts, we used textual analysis, a 
common method of analysis in grounded theory 
(Charmaz 2006). We read the transcripts and notes, 
highlighting salient responses and then used these 
highlighted sections to develop more generalized 
descriptions or codes that could be evaluated and 
synthesized. From this process, themes and 
concepts, commonalities and differences in teaching 
approaches emerged. 
 
3. RESEARCH STUDY FINDINGS 

 
3.1 Course Goals & Objectives  

We asked participants to briefly discuss the 
course goals for their integrated design studios and 
the following themes emerged: net-zero energy and 
issues related to water were mentioned four times, 
general ecological literacy was mentioned three 
times, zero-carbon buildings were mentioned twice, 
and passive design, adaptive reuse, and equity were 
each identified once by respondents. We followed 
with a question asking participants to describe the 
degree to which the individual principles for design 
excellence were emphasized – were they all 
emphasized equally or did some criteria have greater 
emphasis over others, and, if so, which criteria where 
emphasized? Perhaps unsurprisingly given the 
results of the previous question, both Design for 
Energy and Design for Water (ACSA 2022) were 
mentioned most frequently, receiving five mentions 
each. Issues and topics related to Design for 
Resources, Design for Well-being, Design for 
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Economy, and Design for Equitable Community 
(ACSA 2022) were highlighted twice by participants 
throughout the responses to this question and 
Design for Ecology (ACSA 2022) was mentioned by 
one participant group. It is worth noting that, 
although Design for Integration was not specifically 
mentioned in response to this question, integrated 
design was the driving factor behind most of the 
courses discussed. 

 
3.2 Course Structure  

All participants taught students within the 
discipline of architecture exclusively, although some 
programs’ students had backgrounds in other 
disciplines before matriculating to the architecture 
program or, in some cases, students were pursuing 
dual degrees in allied disciplines such as landscape 
architecture. Seven of the courses were taught at the 
graduate level, one at the undergraduate level, and 
two had both undergraduate and graduate students 
integrated in a vertical educational model. Class size 
ranged from 8 - 18 students per section. Six 
participant groups structured the students into 
teams of two or three, two structured the studio 
around individual projects, and one allowed students 
to choose between individual and team projects. 

A major issue that arises when structuring an 
integrated design studio is how best to integrate 
robust content delivery needs and technical, 
performance-based design methods into the 
traditional design studio format. We assumed that, 
while some faculty may significantly augment the 
design studio course itself, many might rely on 
another course to meet these additional needs. To 
test this assumption and develop an understanding 
of the participants’ specific course and curricular 
dynamics, we asked, “Was this taught as a stand-
alone competition studio or was it explicitly tied to a 
support course or courses?” Five participant groups 
taught the studio as a stand-alone course, three 
taught the studio alongside a coordinated, linked 
support course, and one participant group moves 
strategically between a stand-alone or linked model 
based on alignment of course/faculty goals each 
year. Significantly, four of the participant groups and 
their institutions coordinated the integrated design 
studio/COTE Top Ten for Students Competition 
across an entire cohort/year-level. The remaining 
five participant groups, across six institutions, taught 
the integrated design studio/COTE Top Ten for 
Students Competition individually. Further, six of the 
nine participant/participant groups taught alone, 
one group always taught in collaborative, 
synchronous teams of two or more faculty, and the 
remaining two groups taught in asynchronous 
teams, with faculty coming together for major 
milestones. 

In their paper “Applying Performative Tools in the 
Academic Design Studio: A Systemic Pedagogical 
Approach”, Professors Ian Caine and Rahman Azari 
(2017) proposed three distinct course models for 
integrating performance considerations into design 
studio teaching – unlinked, linked, and integrated. 
The linked model consists of a design studio course 
and a coordinated, concurrent support course that 
delivers the building technology and performance 
content. The stand-alone studios fall into one of the 
other two models, unlinked or integrated. In an 
unlinked model, the design studio and building 
technology courses are not coordinated  and may not 
even happen during the same semester (Azari & 
Caine 2017). Students rely on previous coursework 
and independent study to develop and integrate 
performance-based design strategies. The 
integrated model embeds building technology and 
performance content into the design studio itself 
through either a collaborative teaching model or a 
single faculty with the necessary expertise (Azari & 
Caine 2017). Of the six participant groups surveyed 
who taught the integrated design studio as a stand-
alone course, only two used the integrated model 
described above. The remaining four used a variety 
of models discussed further in Section 3.3. 

We also asked questions about the project type, 
use, typical overall square footage, number of 
stories, location, etc. and found that projects ranged 
from small religious structures in rural settings to 
large high-density towers in urban centres. All but 
one participant group defined the program to some 
degree. Three participant groups defined a set of 
programmatic parameters to start (e.g. site and 
community engagement), allowing students to then 
develop the program, while four participant groups 
gave students detailed programs.  

 
3.3 Course Implementation  

When asked, “What aspects of teaching a 
performance-based design studio such as this differ 
from a more traditional approach?”, the participants 
unanimously indicated that it was the incorporation 
of measurable outcomes and performance metrics 
as tools to inform design decision making from the 
beginning of the process that set this type of studio 
apart. This sentiment was echoed in various ways 
throughout the discussion on course 
implementation. Also, most participants structured 
the design studio in phases akin to the traditional 
design phases found in professional architectural 
practice. 

Related to the linked or integrated course models 
described in Section 3.2 for the delivery of the 
breadth and depth of content needed for integrated 
design studio teaching is what we term the 
consultant model. Three models of consultation 

 

emerged from discussion with participants regarding 
the studio design process – linked course as 
consultant, additional faculty as consultants, and 
practitioners/stakeholders as consultants. The linked 
course as consultant model was described earlier 
and consists of a coordinated support course acting 
as a vehicle for technical consultations. The 
additional faculty as consultants model is one in 
which faculty across the institution are brought into 
the design studio for lectures, workshops, informal 
feedback sessions, and formal design reviews. For 
example, faculty with expertise in structures, 
mechanical systems, or daylighting might meet with 
individual students or student groups at key points 
during the semester to give targeted feedback. The 
practitioners/stakeholders as consultants model 
works similarly to the previous model, the primary 
difference being that expertise comes from outside 
practitioners or community members, rather than 
from experts within the institution. All but one 
participant group used consultants in at least one of 
these ways. Further, two of the three most 
successful participant groups described a studio 
design process that integrated practitioners and 
stakeholders at multiple stages throughout the 
semester. Notably, three participant groups devoted 
significant time at the end of the semester, as much 
as three weeks, for students to work on performance 
simulations and design communication.  

The discussion on studio design process was 
followed by a question regarding which design 
methods or tools participants felt were key to the 
design studio’s success. The open-ended nature of 
the question yielded a wide range of answers that we 
grouped into roughly three categories – drawing 
types used for both design development and 
communication, thematic prompts used to generate 
student interest, and frameworks used to manage 
the complex task of performance-based design. 

Three of the participant groups cited specific 
drawing types as key. For example, Participant A 
assigns a large-scale wall section “as big as the room” 
immediately following the schematic design phase, 
which is much earlier than a drawing of that detail 
level is typically assigned. This facilitates the critical 
discussion of room proportions and their 
relationship to the flow of forces. Participant B (Prof. 
Steven Juroszek) described another such example, a 
rendered and annotated section perspective that 
serves as both a primary design visualization tool and 
the basis for the communication of a wide range of 
outcomes. Another group, Participant Group F, 
emphasizes what they describe as “performance 
drawings” in place of typical presentation drawings 
to go beyond “pretty pictures” and provide a greater 
depth of information. Further, many participants 
discussed the importance of analytic diagrams 

throughout the design process for design 
development and communication. 

Another discussion revolved around methods 
and tools for generating student buy-in. For example, 
Participant Group C leaves the project parameters 
entirely up to the student team but generates a 
detailed thematic design prompt to launch the 
project and guide its development. They have found 
that “it's very empowering for students, they really 
get to love the project because each project is 
completely unique, completely different.” 
Participant D described a “mission-driven design” 
approach that is 

 
 “about thinking deeply about the context within 
which you're designing, the people for [whom] 
you're designing; making sure that these 
environments [are] welcoming to everybody and 
also that [they] are speaking to this idea of giving 
hope to the future.” 
 

This sentiment was echoed by many participant 
groups that use various strategies and degrees of 
engagement with local communities to ground the 
project and foster student investment. 

Embedded within much of the discussion 
regarding design methods and, more broadly, the 
studio design process, was a conversation regarding 
pedagogical frameworks used to synthesize the wide 
array of design and performance considerations. For 
example, Participant E described a series of 
performance-based analysis assignments organized 
as a workbook. The workbook provides students with 
a centralized source from which they can pull 
content to inform their design development and 
project visualization. This feedback loop between 
analysis and design development was echoed by 
participant groups using linked and integrated 
course models. 

A matrix of deliverables is another tool that was 
described by Juroszek. This comprehensive chart 
maps the relationships among NAAB-accreditation 
criteria SC.5 and SC.6 (NAAB 2020), the preferred 
method of representation, and the typical drawing 
requirements such as plans, sections, elevations, etc. 
Students can use this tool to make connections and 
visualize relationships between design criteria such 
as ecological considerations and the design of the 
building envelope through wall sections. 

Lastly, although most participants added the 
COTE Top Ten for Students Competition and its 
related AIA Framework for Design Excellence to an 
already existing integrated design studio, many 
participants discussed its utility in focusing and 
guiding student project development. For one of the 
participants, the AIA Framework was the primary 
driver and pedagogical tool of the studio. 
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4. THREE THEMES TO GUIDE INTEGRATED DESIGN 
STUDIO TEACHING 

 
4.1 The climate crisis dictates the priorities  

All 10 design principles of the AIA Framework for 
Design Excellence – integration, equitable 
community, ecosystems, water, economy, energy, 
well-being, resources, change, and discovery – are 
essential to an integrated architectural design 
approach. However, most participants emphasized 
two principles – design for energy and design for 
water. This is unsurprising, given the perilous state of 
the climate. If energy and water issues are 
addressed, the rest can follow. Participant D said it 
best, 

 
“But the first thing we have to do is we have to 
decarbonize as rapidly as [we] possibly can… We 
have a responsibility and the skills to do this. We 
have to do it now. We can't wait and if we don't 
do it, all of those other things that we're worried 
about are just going to get a lot harder… So, 
thinking about energy first, water second, and 
everything else after that, but the trick is not 
forgetting everything else after that.” 

 
4.2 Collaboration is key to success 

Much of the conversation throughout this study 
revolved around strategies to demystify the complex 
nature of teaching an integrated design studio. 
Various forms of collaboration – among students, 
faculty, consultants, courses, etc. – emerged as 
major strategies for managing this complexity. 
Beginning with students, we found that most 
participants structured the students into teams of 
two or, perhaps, three. Six of the nine participant 
groups found that a student team structure helped 
them to better manage project expectations. Team 
structuring approaches varied from allowing 
students to select their own partners to faculty-
assigned pairings. In one instance, students start 
individually, but team in the second half of the 
semester.  

In addition to student collaborations, faculty 
collaborations were a frequent topic of discussion. 
Three participant groups employed either 
synchronous or asynchronous team-teaching 
structures, including a highly collaborative, 
synchronous model that Participant Group G 
described as follows, 

 
“We have a very unique way of co-teaching… We 
have three or four faculty with different 
backgrounds that are actually influencing the 
students for the whole semester at the same 
time.” 
 

They find this creates a dynamic conversation about 
the work, providing students with multiple and, at 
times, opposing viewpoints. This empowers the 
students, allowing them to “develop their own 
thing.” In addition to team-teaching, some faculty 
act as consultants, collaborating across multiple 
design studio sections. 

In fact, we found consultation, following one of 
the three models discussed in Section 3.3, to be the 
primary means of collaboration. Participants 
frequently mentioned inviting additional faculty 
from across their institution to provide feedback to 
the students in their areas of expertise. With similar 
frequency, participants mentioned bringing in 
outside practitioners or stakeholders to engage with 
students, helping them to, as Participant E remarked, 
“calibrate their work”. Lastly, a support course often 
acts as a consultant to the design studio, as is the 
case with Juroszek’s, where the support course 
faculty structures the assignments to evaluate 
project performance. 

Running parallel to the above discussion was a 
conversation regarding the largely graphic strategies 
for managing these collaborations. Juroszek’s 
annotated section perspective and deliverables 
matrix, Participant F’s performance drawings, 
Participant A’s large wall section, and Participant E’s 
workbooks all serve as frameworks to manage the 
complexity of the performance-based design 
process. 
 
4.3 More is better 

While combating the climate crisis must be our 
first priority, one of the most important lessons 
learned from this study is that there are a plethora of 
approaches to teaching an integrated design studio. 
In fact, the variety of approaches the participants 
describe reveals a wide array of opportunities to 
tailor the studio to fit the unique needs of each 
faculty and institution. While it can be intimidating 
to take on the task of teaching a studio that requires 
juggling the complex demands of performance-
based design, collaboration makes it possible for any 
design studio faculty to do so. Four participant 
groups’ programs demonstrate that an entire cohort 
of students can be taught in this manner. 

The complexity and depth of content may seem 
to necessitate a rigid, fixed course structure. 
However, this is not the case. Instead, we found a 
range of teaching approaches, course structures, 
project types, sizes, locations, etc., akin to what one 
might find across any design studio curriculum. Given 
the diversity of project variables among the 
participants, any project type and site can work. 
Additionally, the design brief or prompt can be as 
defined or open as faculty need for their student 
body and pedagogical approach. Some faculty 

 

provide a detailed program, while others only basic 
guidelines. For example, Participant A states, 

 
“The program is always consistent, but it has only 
three components and they have to figure out all 
the rest. It says live, work, community… and they 
develop the program based on their site and 
community analysis and conversations with 
stakeholders usually.” 

 
Participant E used a similar strategy, letting the site 
dictate programmatic response. “…all the 
building[s]… always have a lens of sea-level rise 
where they're generally on the coast”. Lastly, 
Participant C leaves nearly everything up to the 
student to define. “Instead of being very specific in 
terms of the size, the program and so on, we are very 
specific in terms of thematic approach.” The addition 
of the COTE Top Ten for Students Competition to the 
integrated design studio increases the breadth and 
depth of student learning opportunities without 
constraining student or faculty creativity. 

The COTE Top Ten for Students Competition 
should become the vehicle for teaching an 
integrated architectural design approach. The 
underlying AIA Framework for Design Excellence not 
only aligns with NAAB-accreditation criteria but 
provides a comprehensive set of principles to foster 
“a zero-carbon, equitable, resilient, and healthy built 
environment” (AIA 2022). 
 
5. NEXT STEPS 

One strength of this research study lies in the 
participant selection criteria. By selecting those 
faculty sponsors who had had repeated success in 
the COTE Top Ten for Students Competition, we 
drew our data from a pool of peer-reviewed 
expertise. Another strength lies in the semi-
structured interview methodology employed, which 
led to thorough conversations resulting in a large 
amount of data on a wide range of topics. This 
scoping approach enabled us to identify important 
practices related to integrated design teaching. 

However, we acknowledge that the relatively 
small number of participants in our study – 9 faculty 
sponsors representing 10 institutions drawn from 74 
faculty sponsors representing 31 institutions – is a 
limiting factor. Expanding the scope to include all 
competition-winning faculty sponsors would be an 
effective way to test the validity of our initial 
conclusions. The number of participants could be 
further expanded by identifying other performance-
based design studios similar in scope that have 
undergone a comparable peer-review, such as 
winning a design competition in which demonstrated 
effectiveness of integrated design strategies is a 
primary evaluative criterion. Additional study 

instruments, such as online surveys, could be used to 
collect data more efficiently from this greater 
number of participants. 
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ABSTRACT: This article seeks to present the main findings of the systematic review of this literature based on a 
scientometric analysis of the sources. The analysis technique is based on the Rstudio package called bibliometrix 
which allows a statistical analysis of the productivity in the subject. From the results of the analysis, it is possible 
to identify the main keywords, topics with the greatest capacity to generate content and the progress of 
different lines of research. It is also possible to identify the main groups of researchers for each thematic line and 
the international collaborations that have been part of the research on climate change and cities.  
In the scientific discussion of the topics, thematic lines are established to address the various elements of the 
complexity of the phenomena. In this sense, the different thematic lines may highlight some issues and push 
others into the background or leave them latent. In that logic, the main conclusion of this research is the need to 
highlight the interaction between the built environment, energy, and climate change, in the light of their evident 
relationship. 
KEYWORDS: Scientometric analysis; Change Climate; Buildings 
 
 

1. INTRODUCTION 
This paper seeks to contribute to a systematic 
analysis of the results of research in urban studies 
and climate change based on a bibliometric 
analysis, identifying categories and dominant 
corpus, reviewing secondary sources in 
internationally recognised and validated databases 
in the national academic sphere. This analysis 
allows us to generate a general framework of the 
state of the art of urbanisms for climate change, 
identifying gaps and visualising opportunities for 
the development of new research. This study is 
relevant because of the relationship between 
knowledge production and the epistemology of 
urban studies in the face of climate change. That is, 
how large volumes of scientifically grounded 
findings and arguments are shaping theoretical 
corpuses that can feed new, urgent, relevant and 
influential disciplinary discussions. For this purpose, 
a bibliometric analysis is applied within the 
methodological framework of scientometrics.  
 
The production of publications is increasing at a 
high rate worldwide, which may be a virtue, but this 
has generated large volumes of literature that make 
up a complex corpus of specialised information of 
complex and fragmented arrangement, with trends 
that are difficult to follow, thus harming the 
accumulation of knowledge [1,2]. In this context, 
bibliometrics allows knowledge to be systematised 
in a transparent and reproducible way on the basis 

of statistics on scientific activity, generating reliable 
results [3].  For Ana Andrés, there are three main 
sub-areas of application of bibliometrics: (i) 
methodological research on the ways in which 
different researchers apply bibliometric techniques, 
(ii) research on scientific disciplines to understand 
the metrics behind each field of study where 
bibliometrics are applied, and (iii) application to 
scientific policies that seeks to review the metrics to 
determine how to allocate resources or make 
decisions on specific scientific aspects or public 
policies [4]. For publications in architecture and 
urban studies, contributions in this regard are 
scarce. For example, in Web of Science, only 63 
articles are found for these areas of knowledge that 
develop bibliometric studies, between 1975 and 
2021.  
Among the 63 articles mentioned above, one of the 
most relevant is that of Sara Meerow et al., who 
problematise the definition of urban resilience 
based on the tensions that arise from the 
contradictions that seek to define this concept and, 
based on the results, propose a new definition for 
urban resilience, elaborating an operational 
concept [5]. Another relevant article using 
bibliometrics is that of Christian Matthiessen et al, 
who identify trends in scientific productivity from 
the 100 largest cities in the world to identify how 
thematic intensities are produced in some places 
over others [6]. The application of bibliometric 
techniques is valuable as it allows one to trace the 

 

variations in a topic and organise trends over time. 
For example, Fu & Zhang published a study that 
identifies research variations on the topic of urban 
sustainability over a 35-year period, detecting 
changes in trends and assessing the recent major 
interaction of this concept with the Smart city idea 
[7]. Wang et al. present a very pedagogical article in 
its methodological details to present the results of 
their research on the topic of urbanisation in global 
knowledge production networks. Using the Web of 
Science, they conducted an advanced search for the 
term "urbani*", thus identifying all possible 
variations of the concept of urbanisation. This 
search returned 14,338 articles. The database was 
searched for patterns on types of publications, 
languages, indicators, disciplinary categories of 
journals, geographical distribution of publications, 
temporal evolution of keywords and the 
relationship of urbanisation research to the 
material process of global urbanisation. The authors 
were able to identify that there was an important 
trend towards studies on land use, mathematical 
modelling techniques of urban phenomena and 
problematisation of the ecology of cities [8]. 
Bibliometric studies on architecture and urban 
studies in Latin America are not abundant. 
According to Torres Lima and González Martínez, 
one of the problems in the region is the scarce 
effective circulation of peer-to-peer publications, 
because although there is significant productivity, 
ideas do not necessarily become known and shared. 
To achieve a better culture of research 
dissemination, they argue, bibliometric approaches 
need to be broadened; combining evaluations, 
improving regional impact indicators and 
coordination between channels of distribution of 
results [9]. In 2017, a review of publications on 
urban environmental justice in the region was 
published, indicating that the largest amount of 
research in this regard has been developed in 
Mexico and Chile, with an emphasis on the social 
effects of environmental problems in cities [10]. 
That same year, Campos, Orellana and Carrasco 
published a bibliometric study that characterises in 
detail the contributions and lines of research 
published in the INVI Journal of the University of 
Chile [11].  
 

2. Methodology 
This research is inductive in nature with an 
exploratory approach, applying mixed quantitative 
and qualitative techniques. The products to be 
developed are mainly theoretical with 
epistemological value, based on the consultation of 
secondary sources that are analysed with advanced 
text processing techniques by algorithms and 
quantitative study on aggregated databases. In 

addition to providing epistemological information 
based on recent disciplinary production, the 
research will be able to generate descriptions of the 
ontologies of architecture and urban studies in 
Chile, elaborating categories on the theoretical 
currents that influence disciplinary research, groups 
of results according to objects of study, differences 
between groups of researchers with intellectual 
affinity and thematic analysis of research results to 
produce a contribution to the epistemology of the 
disciplines of architecture and urban studies in 
Chile.  
 
The research procedure is based on an initial stage 
of data collection from the publication databases, 
which then go through a study of descriptive 
statistics based on the information of each 
reference included. Using the same database, a 
qualitative analysis is carried out, focusing mainly 
on abstracts, references and titles. From these two 
analyses, quantitative and qualitative, the results 
are reviewed to identify the theoretical 
contributions of each analysis process. The data for 
this research will be obtained mainly from the most 
widely circulated publication indexes: Web of 
Science and Scopus. The Web of Science search 
routine is as follows: 
 
[(SU=(Urban Studies OR Regional & Urban Planning 
OR Architecture) AND ALL=Climate Change AND 
TIPOS  DE  DOCUMENTOS: (Article) Índices=SCI-
EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, 
BKCI-SSH, ESCI Período de tiempo=2000-2020] 
 
For Scopus the routine was as follows:  
 
[(AK=(Architecture OR Urbanism OR Urban Planning 
OR Urban Design OR Urban Development OR 
Urbanization OR Urban*)) AND ALL=Climate Change 
AND TIPOS  DE  DOCUMENTOS:(Article) Índices=SCI-
EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, 
BKCI-SSH, ESCI Período de tiempo=2000-2020] 
 
For the descriptive stage of the data, the analyses 
are run in two main software packages: Rstudio 
using the Bibliometrix package with its biblioshiny 
application [1] and in VOSViewer [12]. Bibliometrix 
allows the development of a set of cross-references 
between documents in a database to identify 
associations between groups of researchers and 
content, similar to those presented in the previous 
pages of this formulation. VOSViewer, for its part, 
makes it possible to analyse trends in knowledge 
development over time and to develop 
visualisations of relationships between sources 
under study. The results are presented below. 
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3. Results and Discussion 
From the application of the analysis techniques, 
some initial descriptive results are obtained that 
allow the sample to be sized. The collection of 
information yielded 4806 documents from 775 
sources, with a total of 10,507 authors. Scientific 
productivity for the topic of urban studies and 
climate change has a key moment in 2009, when a 
sustained upward trend in productivity of over 200 
articles per year began, as can be seen in Figure 1. 
Between 2009 and 2015 there was an increase in 
the annual citation rate between articles, which can 
be seen in Figure 2, indicating that during this 
period there was a dialogue between results that 
contributed to producing a body of critical thought 
associated with urbanism and climate change. This 
trend has a slight drop during the pandemic. 
 
Figure 1: Annual scientific production 

 
Figure 2: Average article citations per year 

 
 
Al revisar los textos más influyentes en este campo 
disciplinar (figura 3), se observa que el mas citado 
es el de Reid Ewing y Robert Cervero sobre la 
dependencia del automóvil para la movilidad entre 
ciudades [13]. El segundo artículo más citado es de 
McGranahan, Balk y Anderson sobre el riesgo al que 
se exponen zonas costeras pobladas ante el alza del 
nivel del mar por efecto del cambio climático [14]. 
Finalmente, entre los artículos más citados está el 
de Bowler et al., quienes aportan una revisión 
sistemática sobre estrategias para reducir la 
temperatura de las ciudades mediante 
infraestructura verde [15]. A partir de esto, se 
puede plantear que las principales líneas de 
investigación sobre cambio climático y urbanismo 
apuntan a movilidad sustentable, reducción de 
riesgo de desastres climáticos y urban greening.  
 

Figure 4 presents a thematic map based on the 
keywords used by the authors of the articles. It can 
be seen that basic themes of the reviewed articles 
are sustainability, planning and energy. On the 
other hand, themes that drive research for most of 
the articles are climate change, adaptation and 
resilience. Emerging themes include governance of 
cities and local governments, along with ecosystem 
services planning for adaptation. Finally, among 
niche topics, i.e. with good productivity but few 
researchers developing these topics, are green 
infrastructure, heat islands and urbanisation 
processes. 
 
Figure 3: Most global cited documents. 

 
Figure 4: Thematic map of author’s keywords. 

 
In the thematic evolution, little novelty can be seen 
in relation to the thematic map. Mainly, it is 
observed that the concepts studied at the beginning 
of the 21st century are very similar to the concepts 
studied in recent research (figure 5). From this 
finding, it can be seen that the space of emerging 
and niche themes in Figure 4, present research 
spaces that still fail to configure main trends for the 
themes developed in research on urbanism and 
climate change, but that could become dominant 
themes in the coming years. 
 
Figure 5: Thematic evolution by author’s keywords. 

 
 
 

 

Figure 6 presents the result of analyzing the 
abstracts of the 4806 documents analyzed. 
Specifically, the trios of serial words that are most 
repeated among the documents reviewed are 
indicated. By far the most used is climate change 
adaptation, which is almost twice as frequent as 
greenhouse gas emissions, global climate change 
and urban heat island. It can be seen that the 
articles tend to focus on measures that, mainly 
from urban planning, operate on trying to reduce 
the effects of climate change. The absence of 
housing as a problem of study is striking.  
 
Figure 6: Trigrams of most commonly used words in the 
abstracts of the articles analysed. 

 
 

4. Conclusions 
The process of scientiometric analysis allows us to 
establish how knowledge has been generated and 
how it is articulated on the basis of cultural 
hegemonies. In this logic, the most relevant finding is 
the absence, in this field, of the relationship between 
built space and climate change as an urban problem, 
which is striking, given that it allows us to identify a 
knowledge vacuum on which to investigate. Because 
this issue, as well as housing, does not appear 
massively among the documents analysed, it is 
possible to identify a problem based on separating 
residential or interior space from the configuration of 
the general urban form of cities in the context of 
climate change. For example, the issue of energy 
poverty and its social effects or the relationship 
between climate change and healthy urban 
development did not appear massively. On the other 
hand, there are well advanced topics referring to 
green infrastructure development, disaster risk 
reduction and sustainable mobility. These factors 
reactively complement other disciplinary fields, but 
do not enter into the direct discussion on urban form, 
spatial design and spatial construction techniques. 
Possibly, the line of heat islands does enter into this 
type of discussion, but more from the point of view of 
diagnosis than the development of research with 
prepositive results. 
 
There is an epistemological insinuation in the 
findings of this research. The literature on urbanism 
and climate change has produced responses to 
specific issues that arise as effects of climate 
change, however, the production of a theoretical line 
of urbanistic thinking for climate change is still 
absent. There is a set of practical solutions that are 
recommended to be implemented, but they fail to 

constitute a theoretical corpus that accounts for an 
epistemological shift from the paradigms inherited 
from the neoliberal model towards a way of making 
cities that focuses on the survival of the planet and 
the human species. This theoretical vacuum calls for 
a disciplinary discussion that considers the current 
times and allows for the transformation of current 
theories, shifting the focus from economic-statistical 
evaluation to broadening the volume of discussions 
on an urban ecology ad-hoc to the climate 
emergency. 
 
New research on green infrastructure, disaster risk 
reduction and mobility can be framed to generate 
theoretical contributions. This is relevant for these 
strategies to move forward to constitute an urban 
ethos, where climate change is a thematic axis that 
orders the discussion, which in addition to solutions 
produces a philosophical framework for 
interpreting the problem. 
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Effect of building properties and lifestyle on electricity 
consumption in the home 

Case study at a Mediterranean desert city 
 

 
 
ABSTRACT: Policies seeking to promote energy efficiency in residential buildings may be inadequate unless they 
recognize and address the effect of lifestyle on electricity consumption. This paper introduces a comprehensive 
lifestyle classification methodology that analyzes the complex relationship between diverse household attributes 
and electricity consumption patterns. Households are characterized by lifestyles using hierarchical cluster 
analysis, employing two approaches:  Electricity Use Behavior (EUB) and Household CHaracteristics (HCH). The 
method was demonstrated in the dry Mediterranean city of Beer Sheva, Israel. The HCH approach performed 
better than EUB at classifying households into distinct sub-groups of similar size.  Five main clusters were found, 
of which two - high-income pensioners with large houses, and high-income middle-aged persons in large houses 
- have the highest potential for energy saving. Implementation of the HCH approach will allow policy makers to 
identify and target specific populations for effective intervention, relating specific energy efficiency policy 
measures to selected lifestyles. 
KEYWORDS: household electricity consumption, lifestyle, cluster analysis, demand side management policy  
 
 

1. INTRODUCTION 
Electricity plays an essential role in human well-

being and development. Household consumption 
accounts for roughly half of all electricity consumed 
in buildings. Because electricity generation has 
numerous negative effects on natural systems and 
human health at both the local and global scales, 
reducing consumption is essential.  Studies of the 
effects of specific socio-economic factors and 
building characteristics on electricity consumption 
show that the effects of different factors are inter-
related and may be attributed to occupant 
'lifestyles' (Bin & Dowlatabi, 2005). Understanding 
people’s lifestyles may help to explain the gap 
between expected and observed electricity 
consumption (Nielsen, 1993), to devise an effective 
energy efficiency policy, and to analyze scenarios of 
future electricity demand (Le Gallic et al, 2017).   

The term ‘lifestyle’, initially introduced by 
sociologists and marketing scholars (Michman, 
1991), has been used in discussions of energy policy 
at least since the 1970s. Energy-related lifestyles 
can be described as “patterns of activities that are 
defined by habits, norms, and social structures and 
which shape domestic energy consumption” (Gram-
Hanssen et al, 2004).  Lifestyles are reflected in the 
characteristics of the household and dwelling, as 
well as by behavioral patterns of the occupants. 
Each of these groupings of factors will be reviewed 
in brief in the following sections.  

1.1 Household and dwelling characteristics 
Dwelling properties have a dominant effect on 

consumption. Large houses require more energy for 
temperature regulation than smaller ones (Parker, 
2003). Energy consumption in apartments is 
typically lower than in detached houses, because 
they are usually smaller, but also because they have 
a smaller exposed envelope (external walls and 
roof) area (McLoughlin et al, 2012). New buildings 
typically implement modern energy efficiency 
standards that require better thermal insulation 
and higher quality glazing. It is often assumed that 
new residential buildings will consume less energy, 
but studies have also found that since affluent 
populations tend to live in such buildings, they 
consume more energy (Santamouris et al, 2007). 

Income is correlated directly with electricity 
consumption, in absolute terms (Hache et al, 2017). 
It also has an indirect influence (Yohanis et al, 
2008), since it affects residence size and quality; 
and ownership of electrical appliances – all of which 
may have an effect on electricity consumption.   

Education is correlated with higher income, 
often resulting (indirectly) in a larger house and 
more electrical appliances. In addition, the presence 
of adult tenants at home during the day may 
increase household electricity consumption (Bin & 
Dowlatabi, 2005), but, paradoxically, both high 
income and low income may be associated with 
long working hours and less time spent at home. 
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1.2. Behavioral attributes 
Energy use behavior can be explained by a 

variety of psychological, sociological, technological, 
and economic decision theories. For a detailed 
review see Heydarian et al (2020) and Wilson & 
Dowlatabadi (2007). The theories can be 
categorized into psychological frameworks (values, 
attributes, and personal norms) and conceptual 
ones (available choices, economic incentives, social 
norms, technologies, and infrastructures). Many of 
the theories are connected since they share the 
same frameworks. However, each theory has 
limitations, and none can explain human behavior 
in all its complexity. 

Household electricity consumption is influenced 
by the family’s 'life cycle', in particular the head of 
household’s (HoH) age and presence of children at 
home (McLoughlin et al, 2012). Energy consumption 
tends to grow as the family lives longer in the same 
residence (Cho, 2019). The change in energy 
consumption through families’ life cycle depends 
also on residential stability or mobility. Households 
that rent their residence are more flexible and can 
change the size of their house (floor area) as their 
family size changes. 

Habits, defined as “learned sequences of acts 
that have become automatic responses to specific 
cues and are functional in obtaining certain goals or 
end states” (Verplanken & Aarts, 1999), also play a 
crucial role in household energy consumption 
practices. Habitual electricity use is unconscious, 
such that the use of household appliances is driven 
by habits rather than a rational choice between 
appliance operation options (Pierce et al, 2010). 

Santin (2011) suggests four user profiles: 
seniors, families, singles/couples, and high-income 
couples. Energy consumption was lower among 
seniors that showed higher preference for thermal 
comfort comparing to families that had the highest 
energy consumption due to heavy appliance use.   

As this brief review has shown, energy 
consumption lifestyles have been defined through 
behavioral patterns (the EUB approach), or by 
household demographic attributes and physical 
characteristics of the dwelling (HCH). We 
hypothesize that the definition used to identify 
lifestyles will itself impact the results of the analysis.  

 
2. METHODOLOGY 

Detailed data about household use of electricity 
and explanatory factors such as demographic 
characteristics, socio-economic factors and the 
physical properties of the buildings were collected 
from 146 households in the city of Beer-Sheva, 
Israel, selected by snowballing and complemented 
by recruitment of specific populations such as 
pensioners, recent immigrants, and young families. 

Cluster analysis was used to classify households, 
implementing two strategies: identification of 
factors that were expected to influence domestic 
electricity consumption, such as house floor area; 
and identification of lifestyle factors.  

Detailed household demographic and socio-
economic attributes, ownership and use of 
electrical appliances, and physical attributes of the 
building were recorded in in-situ interviews. 
Monthly utility records were used to calculate total 
annual electricity consumption, consumption per 
capita and energy use intensity (per unit floor area). 

Sample characteristics were first analyzed with 
basic descriptive statistics. Multiple linear 
regression was performed to establish the total 
impact that a household’s characteristics have on 
domestic electricity consumption. The effect of 
house size on ownership of electric appliances was 
obtained by logistic regression.  

Lifestyle identification was performed by means 
of hierarchal cluster analysis using two distinct 
approaches for classifying households: The 
electricity-use behavioral approach (EUB), based on 
self-reported consumption habits, and the 
household characteristics (HCH) approach, based on 
socio-economic and dwelling properties (Table 1). 
 
Table 1:  
Attributes selected for the classification approaches 

 
Electricity use behavioral approach (EUB) 
Building heating during the winter a [kWh]  
Building cooling during the summer a  [kWh] 
TV use [annual number of hours watching] [hours] 
Washing and cleaning appliances use b  [kWh] 
Water heater use (annual)  [kWh] 
Oven use (annual) [kWh] 

'Households' characteristics approach (HCH) 
Average age of adults [years] 
Floor area [sqm] 
Number of children   
Home ownership (owner/rented)  
Income level [rank on 7-point scale]   
Number of electric appliances at home  
Religious belief c  [Boolean] 

a. Building space heating and cooling use was estimated as the 
product of the number of (self-reported) hours of 
operation of the units and their rated electricity 
consumption. 

b. Plug loads for white goods (refrigerator, washing machine 
etc.) were estimated as the product of their (self-reported) 
hours of operation and their rated energy consumption. 

c. Households were classified as being religious based on 
ownership of appliances specifically designed for 
autonomous operation on the Sabbath. 
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3. RESULTS 
 
3.1 Factors affecting electricity consumption 

The contribution of various explanatory factors 
to household electricity consumption was first 
estimated by multiple linear regression (Appendix 
A). The analysis explains 56% of total electricity 
consumption per household (p-value<0.001), but 
only 35.5% of consumption per capita (p-
value<0.001) and 35.5% of energy use intensity per 
unit floor area (p-value<0.001). 

In our sample, household income, apartment 
floor area, and adult presence at home during the 
day are significant explanatory factors for all three 
dependent variables. Larger families increase both 
total annual household electricity use and energy 
use intensity. Annual electricity consumption per 
capita increases with age and is highest among 
households with adults aged 60-70. These 
households have a significantly lower number of 
residents but large houses in terms of floor area.  

Building characteristics had an important effect 
on electricity consumption, which was almost two 
times higher in detached and semi-detached 
buildings than in row buildings (which tended to 
have a smaller floor area). These effects are 
illustrated in Figure 1. 

The sample was binned into groups by the 
average age of adults in each home (Table 2). 
Annual electricity consumption per capita increases 
with age and is highest among households with 
adults aged 60-70. These households have a 
significantly lower average number of residents but 
large houses in terms of floor area. This trend is 
highly significant for all building types - compact (p-
value: 0.002, r=0.346), row (p-value: 0.02, R=0.374) 
and detached or semi-detached (p-value: 0.005, 
R=0.387) buildings.  

 

 
 
Figure 1:  
Effect of apartment size (floor area) on household 
electricity consumption, stratified by income level (top) 
and by building type (below). Circles indicate extreme 
outliers. 
 
3.2 Clustering lifestyles 

Cluster analysis based on the HCH approach 
identified five lifestyle clusters (Table 3), which 
provide a good representation of each group’s 
family life cycle stages, combined with variety of 
income levels, house floor area and building type.  

income: 

building type: 

Table 2:  
Household characteristics stratified by age of head of household 
 

 
 

age of head of household 
20-30 30-40 40-50 50-60 60-70 70-80 

Dependent variables 
1 Total consumption [kWh] 3,855 5,873 8,758 9,769 7,122 4,238 
2 Consumption per capita [kWh/person] 1,538 2,010 2,307 2,781 3,202 3,082 
3 Energy use intensity (EUI) [kWh/m2] 57 61 78 76 57 60 
Explanatory variables 
4 No. of residents  2.50 3.10 3.92 3.61 2.56 1.57 
5 Income level (1-7) 3.00 3.94 3.88 3.91 3.74 2.57 
6 Number of children  0.50 1.13 2.04 1.74 0.64 0.14 
7 Children’s age [years] 2.00 3.77 11.73 20.6 22.79 33.00 
8 Floor area [m2] 71.75 103.90 116.62 124.87 126.36 88.43 

 

 

Table 3:  
Lifestyle clusters. Upper part of table - clusters identified 
by both methods. Lower part - identified only by EUB. 

 
 age income apt size notes 

YoLoS Young Low Small childless couple 
YoMeM Young Med. Med. young family 
MiHiL Mid-age High Large large affluent family 
PeLoS Pensioner Low Small low-income retired 
PeHiL Pensioner High Large affluent pensioner 

MiHiRe Mid-age High  very religious 
TV    TV use high 
Wash    washing machine 

use high 

 
Figure 2 shows consumption patterns for major 

appliances in each of the five clusters. Z-scores 
greater than '0' indicate above average use of the 
appliance in question relative to our entire sample, 
while values smaller than '0' indicates below 
average use. 

Clusters PeLoS and PeHiL represent the elder 
population and have the highest electricity 
consumption per capita among all the clusters. 
Electricity consumption per capita tends to increase 
as the number of household residents decreases, 
but older households consume twice the electricity 
per capita compared to young households between 
the ages of 20-30. Combining age with large houses 
and high income, as was observed in PeHiL cluster, 
results in the largest electricity consumption per 
capita. The lifestyles with the highest electricity 
consumption (Clusters PeHiL and MidHiL) are 
associated with large detached and semi-detached 
buildings; households have a high income and own 
numerous electric appliances; and they have high 
electricity consumption per floor area compared to 

other building types, except the PeHiL cluster in the 
HCH approach. These clusters have a substantial 
potential for electricity reduction, possibly by 
raising awareness of appliance energy ratings and 
energy-efficient operation. 

Clusters identified only by the EUB approach 
were either characterized by a single additional 
attribute, such as extensive use of a specific 
appliance (TV, wash), or by a demographic that is 
defined by an unusual attribute (MiHiRe) rather than 
age, income, or house size. 

 
4. DISCUSSION AND CONCLUSIONS 

Electricity consumption, and by extension, 
energy consumption in general, may have unique 
local characteristics that reflect a variety of factors, 
including (but not limited) to those explored in the 
present study. However, the two-step methodology 
proposed for identifying clusters, if performed on a 
suitably constructed survey sample, may be applied 
anywhere.        

Household lifestyles clearly influence domestic 
electricity consumption. The use of lifestyle 
classification may thus provide a useful tool to 
target specific energy efficiency policies at selected 
groups, to increase their adoption rate. Our study 
presents a method for identifying relevant cluster 
that has two main steps. The first is identification of 
the main socio-economic, demographic, and 
physical factors that influence domestic electricity 
consumption patterns. It is essential to recognize 
these factors prior to analyzing lifestyles. Note that 
relying exclusively on studies conducted elsewhere 
may not reflect unique characteristics of the target 
population, as well as changes in electric appliances 
and usage trends over time. The second step is 
assessment of the performance of hierarchal cluster 
analysis used to identify lifestyles. In this study two 
approaches were compared: The HCH approach was 
based on household characteristics that were 
identified as influencing residential electricity 
consumption. The EUB approach focused on the 
main electricity consumption behaviors.  

Income, building floor area, number of 
residents, and children’s age have a significant 
effect on domestic electricity consumption. Our 
study did not find that education level and 
employment status influenced electricity 
consumption directly, but these factors influence 
the average time adults spent at home, and thus 
may have an indirect effect on consumption.   

Electricity consumption per capita tends to 
increase as the number of household residents 
decreases: our study found that older households 
consume twice the electricity per capita compared 
to young households between the ages of 20-30 
(Table 2). Clusters PeLoS and PeHiL, which 

 
 
Figure 2: 
Electricity use patterns identified using the HCH approach 
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represent the elder (pensioner) population, have 
the highest electricity consumption per capita 
among all the clusters.  

The PeHiL cluster, combining advancing 
occupant age with large houses and high income 
results in the highest electricity consumption per 
capita. This cluster, which comprises mainly ‘empty 
nesters’ who live in large-sized houses despite their 
small number of residents, may become 
increasingly dominant as the proportion of elderly 
people in the overall population increases.  

The lifestyles with the highest electricity 
consumption (clusters PeHiL and MidHiL) are 
associated with large detached and semi-detached 
buildings. Most of these clusters, except the PeHiL 
cluster in the HCH approach, have high electricity 
consumption per floor area compared to other 
building types. They all have high income and own 
numerous electric appliances. These clusters have a 
substantial potential for electricity reduction. 
Raising awareness of appliance energy ratings and 
energy-efficient operation and maintenance might 
be an effective policy directed towards energy 
saving in this population.  

Comparison of the two approaches indicated 
that the HCH approach was better at classification 
of the general population, resulted in more evenly 
divided clusters and was better at distinguishing 
among lifestyles with significant electricity 
consumption differences. It is also easier to apply 
because it relies on data that are more widely 
available. The EUB approach showed better 
performance in identifying small and uniquely high 
electricity use patterns, which the HCH approach 
could not treat adequately. However, the EUB 
approach failed in identification of groups that have 
a significant annual electricity use difference. Each 
group, except for cluster MidHiL, has at most one 
unique consumption pattern. This appears to be 
insufficient for proper classification of the 
population. Therefore, we recommend using the 
household characteristics (HCH) approach as the 
main classification method and the electricity use 
behavior (EUB) approach as a supporting one only. 

Although both clustering methodologies allowed 
us to identify distinct lifestyles, we acknowledge 
that the specific outcomes reflect the limitations of 
the survey, the sample size and the data available 
to us. For example, current household income is an 
incomplete indicator of financial circumstances that 
might affect consumption. Free income (after fixed 
expenses such as mortgage payments) is a better 
indicator. We have attempted to account for the 
compound effects of various economic factors by 
seeking information about ownership of fixed assets 
such as the home or automobiles, but it was not 

possible to carry out a complete audit of the survey 
participants. 

Further research should combine this kind of 
work with in-depth interviews that explore 
households’ perceptions and awareness of 
environmental issues and electricity consumption, 
or examine the roots of their electricity use habits. 
In addition, future study could use smart meters, 
which are expected to provide better insight 
regarding tenants’ electricity consumption patterns, 
with regard to both end use and temporal 
variations. 

The findings of the analysis presented in this 
manuscript imply that an application of a single 
electricity-saving policy measure might not be 
effective in a highly heterogeneous population. For 
example, our study revealed that households 
comprising young couples with small children have 
different electricity usage patterns compared to 
pensioners. Thus, application of policies that target 
efficient electricity use for heating might be 
effective for young couples but less effective in the 
case of pensioners in our context, due to their 
relatively low heating demand during winter. 
Furthermore, families in the same life cycle stage 
that live in different building types or have 
economic differences might not have the same 
propensity to adopt energy efficiency measures. In 
such cases, different policy measures are required. 
Energy saving policies may also vary among 
neighborhoods or geographic regions. 

Using the two steps for lifestyle classification, as 
proposed here, creates a flexible tool that can be 
adjusted to different population groups. The 
number of influencing factors and clusters can and 
will differ among different populations and over 
time, allowing policymakers to have updated and 
detailed data that will provide optimal policy fit to 
the target population. 
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APPENDIX A: Multiple linear regression between electricity consumption and household characteristics.  
 

  Annual electricity use  
 total  per capita  per unit floor area 

 Ba Betab tc   Ba Betab tc   Ba Betab tc  

(Constant) 6.898  20.709 ***  7.120  21.812 ***  3.292  10.004 *** 

No.  adults  .002 .002 .028   -.380 -.452 -4.428 ***  .042 .049 .485  

Average adult age .007 .184 2.251 **  .007 .231 2.313 *  .006 .189 1.907.  

Adult education -.027 -.039 -.569   -.028 -.051 -.631   -.036 -.064 -.800  

Adult hours @home/ day .026 .152 2.161 **  .026 .179 2.092 *  .029 .197 2.317 * 

Income level .086 .237 3.002 **  .081 .272 2.826 **  .077 .254 2.661 ** 

Floor area  .003 .218 2.781 **  .003 .261 2.729 **  -.006 -.515 -5.422 *** 

  Religious belief .108 .081 1.287   .136 .124 1.623   .090 .810 .293  

Infant .212 .229 3.337 **  -.123 -.161 -1.917.   .191 .247 2.967 ** 

Young child .174 .181 2.768 **  -.104 -.131 -1.644   .175 .218 2.752 ** 

Teen .122 .107 1.681.   -.157 -.167 -2.150 *  .102 .107 1.391  

Young adult .329 .230 3.434 **  -.003 -.003 -.032   .340 .284 3.496 ** 
Adult .236 .239 3.724 **  -.081 -.100 -1.279   .225 .272 3.515 ** 

employed .133 .193 1.870   .063 .112 .895   .103 .179 1.447  

unemployed .112 .077 1.030   .089 .075 .816   .102 .084 .924  

 R2= 0.562   R2=0.354   R2=0.356  
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ABSTRACT: Actions to stimulate commercial buildings to be more energy-efficient are necessary. For cities 
administrations, requiring compliance with energy codes are an efficient path to assure adequate conditions of 
energy efficiency in third-party buildings. The aim of this paper is to conduct a building stock model to assess 
energy efficiency requirements for commercial buildings located in Florianópolis, Brazil. A tailored archetype of 
the commercial building stock was developed, considering regional particularities, such as construction patterns 
and predominant building sizes. Then, the archetype was submitted to different scenarios regarding its envelope 
features to improve the building performance. Also, a building performance evaluation was carried out through 
an Energy Performance Certificate (EPC)-based metamodel on assessing thermal loads. The scenario 
combinations were analyzed to select adequate envelope combinations in accordance with the best EPC rate. 
Consequently, those envelope combinations were set as the city energy code requirement. 
KEYWORDS: Commercial buildings, building stock model, energy performance, energy codes. 
 
 

1. INTRODUCTION 
Commercial buildings are responsible for a 

significant share of the energy demand of society. In 
Brazil, this sector accounted for around 17.4% of 
the total energy demand, and buildings are 
responsible for  33%  in 2019, according to the 
Brazilian National Energy Balance Report [1]. 

Therefore, actions to stimulate commercial 
buildings to be more energy-efficient are necessary. 
For cities administrations, the requirement of 
building compliance with energy codes is an 
efficient path to assure adequate conditions of 
energy efficiency in third-party buildings. However, 
energy codes must have accordance with the city 
context. Thus, effective energy code’s requirements 
are tailored considering a building stock model and 
suitable conditions.  

To do so, a comprehensive analysis of the 
building performance of an archetype might be 
carried out. Archetypes are representative buildings 
that summarise the characteristics of the building 
stock. The literature supports the use of archetypes 
for different purposes, for example, to obtain 
benchmarks [2] and baselines [3]; to understand 
behaviour patterns [4]; and to address urban 
building modelling [5]. 

The Efficient Cities project (in Portuguese 
"Cidades Eficientes") is a project conducted by the 
Brazilian Council for Sustainable Construction (in 
Portuguese "Conselho Brasileiro de Construção 

Sustentável" - CBCS). The project helped the 
municipal administration of the city of Florianópolis, 
Southern Brazil, propose actions to make the city 
more energy efficient. Among other objectives, the 
proposition of a set of requirements to compose an 
energy code for buildings was performed. Hence, a 
comprehensive database of the actual building 
stock was used to develop a building stock model 
and test energy-effective measures. 

The Brazilian EPC labelling program for 
commercial buildings was adopted to provide 
guidance in those energy efficiency measures. The 
Brazilian EPC labelling is denominated INI-C (in 
Portuguese “Instrução Normativa do INMETRO para 
edificações comerciais”) and it requires compliance 
with a set of standards and prerequisites. To 
evaluate and label a building according to its 
performance, the method employs a comparison 
between the energy performance of the building in 
a standardized condition and the energy 
performance of a reference building. The 
determination of the performance can be obtained 
by the simplified method if the building complies 
with the requirements. The simplified method uses 
a metamodel as an alternative to energy simulation 
to estimate energy performance, in order to amplify 
and simplify the labelling application, once energy 
simulation is a time and effort task. 

Thus, the aim of this paper is to conduct a 
building stock model to assess energy efficiency 

 

requirements for commercial buildings located in 
Florianópolis, Brazil. An archetype of the 
commercial building stock tailored using city data 
was developed, considering regional particularities, 
such as construction patterns and predominant 
building sizes. Then, the archetype was submitted 
to different scenarios regarding its envelope 
features to improve the building performance. Also, 
a building performance evaluation was carried out 
through an Energy Performance Certificate (EPC)-
based metamodel on assessing thermal loads. Then, 
the scenario combinations were analysed to select 
adequate envelope combinations in accordance 
with the best EPC rate. Consequently, those 
envelope combinations were set as the city energy 
code requirement. 

 
2. METHOD 
 
2.1 Building stock characterisation 

The data was obtained from the municipal 
administration who provided a comprehensive 
registration history of all buildings constructed in 
the city, sorted by their floor-plan area, number of 
floors and building typology. Complementary 
aspects of the buildings were disposed of such as 
wall, roof and window type. A preliminary ratio of 
the building stock is presented in terms of the floor-
plan area. 

To carry out the archetype composition, only 
commercial buildings typology was selected. Bins of 
floor-plan area were used and the frequency of 
buildings that fit in each bin was accounted. Also, 
the average floor-plan area for each bin was 
determined showing the predominant building 
sizes. 

 
2.2 Archetype composition 

The archetype was composed of seven massing 
models, one representing each typical building size 
of each bin of floor-plan area. Then massing models 
were adopted as square-shaped buildings with four 
perimetral thermal zones and one internal thermal 
zone, as suggested by the Brazilian EPC code [6]. All 
perimetral thermal zones are sun and wind exposed 
and have the same window-to-wall ratio. 

For each bin of floor-plan area, the average 
building floor-plan area was obtained according to 
the ratio between the total floor-plan of the stock 
and the number of buildings in the stock. Also, for 
each bin of floor-plan area, the most frequent 
number of storeys (mode) was identified in the 
building stock. Table 1 shows this data obtained 
from the building stock database. 

 
 
 

Table 1:  
Stock analysis in terms of the floor-plan area and number 
of storeys. 

Bins of Floor-
plan area 

Amount 
of 

buildings 

Total floor-
plan area 

of the 
stock (m²) 

Building 
average 

floor-plan 
area (m²) 

Storeys 
(mode) 

< 50m² 93 2,536.9 27.3 

51 - 200m² 202 24,031.7 119.0 

201 - 500m² 229 73,787.9 322.2 

501 - 2000 m² 141 138,192.8 980.1 

2001 - 5000 m² 38 127,371.7 3,351.9 

5001 - 10000 m² 30 228,802.7 7,626.8 

> 10000 m² 2 47,461.8 23,730.9 

TOTAL 735 642,185.4 873,7 - 

 
A single archetype was composed for each bin of 

floor-plan area, resulting in seven archetypes, to 
represent better the influence of the size of building 
in the thermal load calculation. Then, for each bin 
of floor-plan area of the stock, their respective 
building average floor-plan area was divided by the 
typical number of storeys to obtain typical storeys 
floor-plan area. Then, the typical storey floor-plan 
was used to represent a square-shaped storey 
measuring “L”, obtained through the square root of 
the typical floor-plan area. The “L” dimension was 
adjusted to the integer value. Consequently, the 
tested archetype was defined as a core and shell 
type of building, with a square-shaped building, 
measuring “L by L” and having the median number 
of storeys of their respective bin of floor-plan area 
of the stock. The typical storey height was 3 m. 

For example, for buildings with area from 201 to 
500 m² (third bin of floor-plan area), the archetype 
was a 3-storey building measuring 10 m by 10 m 
(100 m² by each storey, 300 m² in total, similar to 
the 322 m² of the average in the stock). 

Since the energy efficiency classification relies 
on the shape factor, this parameter was also 
calculated. The shape factor is obtained through the 
ratio between the external envelope area (walls and 
roofing areas) and the total volume of the building. 
For square-shaped buildings, the shape factor is 
calculated according to Equation (1): 

SF =  [ (4 x L x SH) + L² ] / ( L² x H x S)        (1) 

where:  SF – Shape Factor (dimensionless); 
             L – dimension of the square-shaped building 
(m); 
             H – Storey height (m); 
             S – Number of Storeys. 

 
2.3 Scenario composition 

Construction aspects of the building archetype 
such as transmittance and thermal capacity were 
set in a scenario analysis. Typical values were 
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obtained from the building stock dataset, 
considering the most frequent construction 
elements, and better construction elements were 
proposed to be tested. Table 2 summarises the 
scenario composition for this analysis. Also, the 
reference scenario, representing the class D in the 
Brazilian EPC was tested. The combination of all 
cases resulted in the test of 7,200 simulations. 

 
Table 2:  
Scenario composition to assess building performance of 
archetypes. 

Parameter 
Scenarios 

Refe-
rence 1 2 3 

Occupancy (m²/person) 10    

Equipment power density (W/m²) 15    

Lighting power density (W/m²) 8.5    

Roof thermal capacity (kJ/m³K) 233 36.3 13.8  

Wall thermal capacity (kJ/m³K) 150    

Roof Solar absorptance 0.8 0.3   

Wall solar absorptance 0.7 0.4   

Roof thermal transmittance (W/m²K) 2.06 1 0.55  

Wall thermal transmittance (W/m²K) 2.46 1.75 0.5  

Window-to-wall ratio (%) 40 60 80  

Glazing thermal transmittance (W/m²K) 5.7 2.7   

Solar Heat Gain Coefficient (SHGC) 0.82 0.76 0.29 0.27 
Shading (vertical) (º) 0 30  - 

 
2.4 Building performance analysis 

The building performance analysis was 
conducted in a metamodel developed for the 
Brazilian National Regulation. This metamodel was 
developed considering an artificial neural network 
regarding several combinations of building stock in 
Brazil [6]. The metamodel is applicable for 
simplified cases, and the archetype fits the 
requirements. 

The input data of the metamodel are the 
geometric parameters (Table 1), the scenario 
parameters (Table 2) and climatic information. 
Regarding the climatic context, the metamodel 
employs a climatic weighting considering the results 
of the simulations used to build it, which used 
EnergyPlus Weather File (EPW) with data from 
INMET 2018. The climatic parameters adopted in 
the metamodel, and their respective values 
adopted for the city are: 

• Latitude (-27.597 S) and Longitude (-48.549); 
• Average annual temperature (20.9 °C); 
• Standard deviation of the average daily 

temperature (2.88 °C); 
• Annual average amplitude of the temperature 

(7.2 °C); 
• Standard deviation of the average o the 

temperature amplitude (0.825 °C); 
• Average annual solar radiation (172.39 kWh/m²). 

The city of Florianópolis is located in a climatic 
zone Cfa (Köppen-Geiger classification) and 
classified as climatic zone 1A according to the 
ASHRAE 169 [7]. 

The output of the metamodel is the cooling 
thermal load, in kWh/m².year, for each thermal 
zone modelled. 

 
2.5 Defining the requirements for the energy code 

The definition of the requirements for the 
construction parameters used as a criterion the 
cases of buildings that reach level A in the Brazilian 
EPC classification. To do so, the classification of all 
cases tested was performed. Although the Brazilian 
EPC considers lighting, equipment, water heating, 
HVAC and envelope efficiency to classify the overall 
energy efficiency of the building, in this study only 
envelope efficiency was considered due to the 
alignment with the objective of the study. 

The envelope efficiency is obtained considering 
the reduction of the cooling thermal load gained 
from the envelope, according to Equation (2). 

RC =  (TCoolCASE - TCoolREF ) / TCoolREF                  (2) 

where:  RC – reduction coefficient (dimensionless); 
              TCoolCASE – Total cooling thermal load of the 
case analysed (kWh/m².year). 
              TCoolREF – Total cooling thermal load of the 
reference case (kWh/m².year). 
 

For each building, their total cooling thermal 
load was obtained from the building performance 
analysis, and the scenarios analysed were compared 
to the reference scenario, in order to measure the 
reduction of the thermal load. It is important to 
highlight that a combinatory analysis was 
employed, meaning that the parameters combine 
with themselves along the different scenarios. 

The next step was to obtain the minimum 
reduction coefficient, which depends on the shape 
factor of the building analysed. Table 3 is the 
transcription of the reference for minimum 
reduction coefficients (class D to class A) from the 
guidelines of the Brazilian EPC [6].  
 
Table 3:  
Minimum reduction coefficients from class D to class A for 
office buildings. 

Class of Shape Factor Minimum Reduction 
Coefficient 

FF ≤ 0,20 0.3 

0,20 < FF ≤ 0,30 0.33 

0,30 < FF ≤ 0,40 0.34 

0,40 < FF ≤ 0,50 0.35 

FF > 0,50 0.36 

Note: Adapted from [6]. 
 

 

The minimum reduction coefficient is used to 
determine the interval between classes, according 
to Equation (3): 

i =  TECB x MRC / 3          (3) 

where:  i – the interval between classes 
(dimensionless); 
               TCoolREF – Total cooling thermal load of the 
reference case (kWh/m².year). 
              MRC – Minimum reduction coefficient 
(dimensionless). 
 

The interval between classes is used to 
determine the scale of energy efficiency, according 
to Table 4. Each building has its own scale.  
 
Table 4:  
Scales of energy efficiency. 

Class of Energy Efficiency Lower limit Upper limit 

A ≤ TCoolREF - 3i - 

B ≤ TCoolREF - 2i > TCoolREF - 3i 

C ≤ TCoolREF - i > TCoolREF - 2i 

D ≤ TCoolREF > TCoolREF - i 

E - > TCoolREF 

Note: TCoolREF stands for Total cooling thermal load of the 
reference case (kWh/m².year). 

 
Then, the classification of all cases was obtained 

according to the INI-C certification schema. Finally, 
the paraments set for requirements were: roof 
solar absorptance; external wall solar absorptance; 
roof thermal transmittance (W/m²K); Wall thermal 
transmittance (W/m²K); window-to-wall ratio (%); 
glazing thermal transmittance (W/m²K); glass solar 
heat gain coefficient; vertical shading (º). The 
requirements to be adopted in the energy code 
were defined as the lower value of the parameters 
that provide 50% of cases level A. 

 
3. RESULTS 
 
3.1 Building stock characterization 

Figure 1 shows the frequency of building in each 
bin of floor-plan area, and the average floor-plan 
area of each bin. These values were used to 
determine the typical area of each floor for each 
floor-plan bin, expressed in Table 5.  

Figure 1 shows that most buildings have floor-
plan areas between 201 and 500 m². A total average 
indicates an average floor-plan area of 873.72 m² 
due to some buildings with high floor-plan areas in 
the stock. 

 
 
 
 

Figure 1:  
Frequency of building according to their floor-plan area 
and average building sizes. 

 
 

Table 5:  
Massing model characteristics of the archetypes 
according to each bin of floor-plan area. 

Bins of floor-plan 
area 

Adopted 
test-storey 
dimensions 

(m) 

Archetype 
floor-plan 
area (m²) 

Shape Factor 

< 50m² 4 x 4 32 1.17 
51m² - 200m² 8 x 8 128 0.67 
201m² - 500m² 10 x 10 300 0.51 
501m² - 2000m² 18 x 18 972 0.33 
2001m² - 5000m² 20 x 20 3,200 0.24 
5001m² - 10000 29 x 29 7,569 0.17 
> 10000 44 x 44 23,232 0.12 

 
The scenarios were used to estimate several 

situations of cooling thermal load in the stock. 
 

3.2 Cooling thermal load estimation 
The cooling thermal load estimation was 

performed considering the method of Brazilian EPC 
[6]. For each case analysed, a total cooling thermal 
load was obtained. Figure 2 shows the total cooling 
thermal load for all cases, in ascending order. 

It is possible to see that the total cooling thermal 
load varied from 73.29 to 140.51 kWh/m².year. The 
average value considering all cases was 84.99 
kWh/m²year, with a standard deviation of 15.57 
kWh/m².year. The reference case provided an 
average cooling thermal load of 111.21 
kWh/m².year, ranging from 104.05 to 118.83 
kWh/m².year. 
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Figure 2:  
Total cooling thermal load for tested cases. 

 
 

3.3 Summary of the energy code requirements 
The cooling thermal was used to classify the 

energy efficiency of the analysed cases. Figure 3 
shows a histogram of cases according to each 
energy efficiency class. 

 
Figure 3:  
Frequency of cases according to each energy efficiency 
class. 

 
 
Most of results were classified as highly efficient 

buildings (Class A), with a lower average cooling 
thermal load.  

As expected, the average cooling thermal load 
increases as the energy efficiency decreases. 

In order to select minimum parameters to be set 
on the energy code requirements, the combination 
of parameters that determine a building to be class 
A was investigated. The following parameters were 
analysed according to the window-to-wall ratio (%) 
and vertical shading (°) of the building: roof solar 
absorptance; external wall solar absorptance; roof 
thermal transmittance (W/m²K); Wall thermal 
transmittance (W/m²K); glazing thermal 
transmittance (W/m²K); glass solar heat gain 
coefficient (SHGC). 

To provide an example of the conducted 
analysis, Figure 4 shows the cases for the parameter 
“Vertical Shading” (other analysis will be 
suppressed in this paper to maintain conciseness). 
Two cases of “Vertical Shading” were tested: a 
scenario with no shadings and a scenario with a 
vertical shading causing a 30° obstruction to the 
windows. Figure 4 shows the boxplots of the cooling 
thermal load for the two cases differentiated 
according to the type of glazing (Reference Glass, 
Types 1, 2 and 3, with different Thermal 
Transmittance and SHGC. Also, the Figure shows the 
limits for the cases being class “A”, illustrated with 
the green area, and the limit for the cases being 
class “E”, as a red area. The boxplot shows the 
minimum and maximum quantiles (5% to 95%) of 
cases with each configuration, while the vertical 
bars shows the minimum and maximum limits of 
the combination tested. The line in the middle o the 
box shwos the median (50% of cases).  
Figure 4:  
Analysis of cases for Vertical Shading parameter. 

 

 
 
According to Figure 4, it is possible to see that 

glazing types “Reference” (U = 5.75 W/m²K and 
SHGC = 0.82) and type 3 (U = 2.7 W/m²K and SHGC 
= 0.76) provides very few cases in class A, while 
glazing types 1 and 2 provides most of cases in Class 
A. Quantitatively, the glazing type 1 achieved 87.6% 
of cases in class A, type 2 achieved 90.9%, type 3 

 

achieved 15.4% and the reference glazing achieved 
12.1%.  

By investigating the specific cases of each type 
of glazing that achieved class A, it was possible to 
see that the reference glazing type only achieved 
class A if the window-to-wall ratio was 40%. Thus, 
the requirement adopted was: the glazing with U = 

5.75 W/m²K and SHGC = 0.82 is acceptable for 
buildings with WWR lower than 40%.  

The exact process was performed for each 
parameter evaluated in this study, resulting in a 
table summarizing all requirements according to the 
WWR and shading. The final summary of the 
requirements is presented in Table 6. 

Table 6:  
Summary of the energy code requirements. 

Lower than 
40% 

Without (AVS 
≤ 30°) 

SHGC < 0.82 
Uglass <5.75 0.5 < U < 2.5 Absor Walls < 

0.7 TC > 230 
U < 2.0 Absor Walls < 

0.4 

U < 0.55 Absor Walls < 
0.7 

With (AVS ≥ 
30°) 

SHGC < 0.82 
Uglass <5.75 0.5 < U < 2.5 Absor Walls < 

0.7 TC > 230 U < 2.0 Absor Walls < 
0.7 

40% to 60% 

Without (AVS 
≤ 30°) 

SHGC < 0.5 
Uglass <5.75 0.5 < U < 2.5 Absor Walls < 

0.4 TC > 230 U < 2.0 Absor Walls < 
0.4 

With (AVS ≥ 
30°) 

SHGC < 05 
Uglass <5.75 U < 2.5 Absor Walls < 

0.4 TC > 230 U < 2.0 Absor Walls < 
0.4 

60% to 80% 

Without (AVS 
≤ 30°) 

SHGC < 0.3 
Uglass <5.75 U < 2.5 Absor Walls < 

0.4 TC > 230 U < 2.0 Absor Walls < 
0.4 

With (AVS ≥ 
30°) 

SHGC < 0.5 
Uglass <5.75 U < 2.5 Absor Walls < 

0.4 TC > 230 U < 2.0 Absor Walls < 
0.4 

Note: For buildings with a window-to-wall ratio higher than 80%, a specific analysis must be conducted and justified. 
 
 

4. CONCLUSION 
This paper aimed to propose energy code 

requirements for commercial buildings located in 
Florianópolis, Brazil. To do so, a building stock 
analysis was carried out considering a database of 
735 buildings. Specific information regarding their 
geometry was used to support the development of 
archetypes. The archetypes were used to estimate 
the cooling thermal load for each case, and then, to 
classify each case according to the Brazilian EPC 
method. Requirements were obtained from cases 
that reached level A of energy efficiency. Thus, the 
minimum requirements for energy efficiency were 
obtained for the parameters analysed. The results 
obtained in this study support that a set of different 
solutions can be used as requirements for high-
performance buildings, depending on the 
combination of parameters, i.e., there is a multiple 
solution instead of a unique solution. The authors 
point out that the sensitivity analysis of the 
parameters for further explorations on the selection 
of such energy codes. Also, further studies might 
prospect the financial feasibility and also measure 
the impact of such measures proposed on the 
endeavouring of new buildings and retrofits. 
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ABSTRACT: Concentration and focus are fundamental to successful learning in the study and research 
environment. Light and colour are essential to understanding an individual's behaviour and how comfortable it is 
in a given environment. The goal is to study the influence of colour and light in the study environment, 
considering the physical elements (light and vision) and the visual sensations that define the most different 
emotional states, which contribute or not to the individual's learning process. For this research, the method is a 
case study of a university library, with on-site measurement and the application of a survey to users in two 
distinct places of higher and lower lighting. The highest concentration of students in the study area is in the 
afternoon, where the predominant colours are brown, beige, grey, and wine, and the lowest luminous index is 
217.2 lux, which does not meet the minimum illuminance standard of 300 lux. This results in drowsiness, poor 
attention, demotivation, and sadness. Thus, one can conclude that the choice of colour and percentage of 
lighting for the study environment must be adequate to provide success in learning. 
KEYWORDS: visual comfort; study area; colour and light. 
 
 

1. INTRODUCTION 
This article highlights the study of colours and 

light and their influence on the study environment 
of a university library in the countryside of São 
Paulo, Brazil. When it comes to studying 
environments, we observe that the amount of light 
and colour applied in colour or higher intensity can 
affect the user's feeling of discomfort [1]. The 
research seeks to understand why colours and the 
amount of light can affect, interact, and even 
modify the place at hand. In the case of a library 
area of study, maintaining concentration and focus 
are critical to successful learning. 

However, we need to consider many issues 
when studying the environment and how its 
elements affect its users – light and colour are 
essential to understand an individual in a given 
space and how comfortable it feels. These two 
elements (colour and light) are related, as light is 
crucial when perceiving colour. Because if there is 
no light, the colour will not convey the sensations it 
carries or obtain the impact, whether absent or not. 
Furthermore, it is also worth mentioning how the 
individual, their cultural factors, and their lived 
experiences affect how they perceive colours, 
causing the most varied sensations [1]. 

Thus, one can say that colour becomes part of 
the individual and is internalized within him, not 
limited only to the field of vision. Furthermore, 
colour can be perceived differently by each person. 
Therefore, correctly using each colour in the 

environment can provide several benefits, such as 
increasing efficiency in activities, improving mood, 
reducing visual effort, and making the environment 
more pleasant. 

There is an importance in determining the 
colours; besides showing personality, they make the 
environments more pleasant and functional, 
adapting to each case. Therefore, the choice of 
colours and the amount of light in an environment 
must be coherent with the sensations and impacts 
intended to affect the individual, especially in a 
library’s study and research areas. The justification 
for this work is based on the insufficient number of 
surveys on light and colour in a library’s study area 
and the qualitative result on student behaviour and 
learning. The research consists of the need to 
analyse the study environment of a university 
library in the interior of the state of São Paulo, 
Brazil, and to identify if the colour and the amount 
of light provide adequate conditions for the study. 
 
2. GOAL 

     This study aims to show an in-depth research 
method on the relationship between colour and 
light in the study environment of a university 
library. 

 
3. METHOD AND RESULTS  

For this research, the method is a case study of 
a university library, with an area of approximately 
1,915 m², which has an administrative area, a 

 

collection of rare books, a museum, a locker, 
periodicals, rooms for individual and group studies, 
an internal garden and the other places that make 
up the building.  

The method applied consists of a measurement 
taken in the internal area of the library, and four 
distinct environments were chosen, with different 
lighting levels and a higher concentration of use by 
students. In addition, we surveyed the students 
who frequent the library environments. The survey 
is related to the lighting influence and colours of 
their respective places on the student's perception 
of their performance and learning during their 
studies. 

The parameter used for the lighting 
measurement was the Associação de Normas 
Técnicas do Brasil - ABNT 5413 - Iluminância de 
Interiores, which establishes specific values for each 
activity in an enclosure. The standard also specifies 
the determining factor of adequate illuminance as 
age, speed, accuracy, and reflectance of the task 
background, according to the characteristics of the 
task and the observer. For example, since the 
audience is under 40 years of age, the weight is 
lower for speed and precision, and the reflectance 
of the task background is higher than 70%. For the 
library and data-informed, the standard establishes 
the reading and study room with an average level of 
500 lux, bookshelves and binders area of 300 lux 
[2]. 

Another critical point is using colours in the 
environment, which affects the user's behaviour 
and emotional state. According to Eva Heller, each 
colour is determined by its context and reveals itself 
pleasantly or not. The prominent colours 
appreciated by men are 45% blue, 15% green, and 
12% red, and the least enjoyed are brown with 20%, 
pink with 17%, and grey with 14% [3]. 

We made the measurements on a sunny day, 
from 8:00 am to 5:00 pm. The equipment used to 
perform the measurement is the Thermo-hygro-
decibel-luxmeter model THDL-400, emphasises the 
luxmeter function with a range from 0.01 to 200000 
Lux. This function captures the amount of light 
incidence received in a given location (Fig. 1). 
Accuracy: ±5% of reading + 10 digits (calibrated in 
the standard incandescent lamp at 2856K colour 
temperature). 

 
 
 
 
 
 
 
 

 

Figure 1: Measurement Equipment – Luxmeter. 

 
Source: Author's photo. 
 

In this case, we measured four locations: Free 
Study Area 1 (Point 1); Study Rooms (Point 2); Study 
Area - Periodicals (Point 3); and, finally, Free Study 
Area 2 (Point 4) (Fig. 2). 
 
Figure 2:  Library floor plan and lighting points. 

 
Source: Prepared by the author. 
 

The photos (Fig. 3) show spacious environments 
with a ceiling height of 3.50 meters, a layout with 
good spacing between the work desks (which allows 
good circulation), window sizing, and typology 
(tilting) that promotes good air circulation and good 
natural lighting. The building also contains an 
internal finish of exposed concrete walls and 
ceilings in grey, carpet flooring with a 
predominance of brown, but which also has dark 
blue stripes and light wood chairs with red and blue 
upholstery. The work tables have a black metal 
structure with a MDF top and a Formica finish in 
light grey. 
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Figure 3:  Image of the measured points. 
 

 
Source: Author's photo. 
 

About the colours of the environment, there are 
different variations in reflectance and absorption of 
light, so an environment can appear to be lighter or 
darker, affecting the user's perception regarding the 
dimension of the environment, with the variation of 
colours according to the intensity of natural light in 
the room, which directly affects the arousal of 
emotions in people, such as mood, concentration, 
joy or discouragement. 

One can understand that the point with the 
highest light incidence is located in the accessible 
study areas of point 1 (southern facade), reaching 
the maximum incidence of lux in the afternoon. On 
the other hand, in point 2, which consists of the 
study rooms (closed environment with windows on 
the east facade), one notices a much lower index of 
illumination oscillating between morning and 
afternoon since it is characterized as a more 
isolated place with windows to the internal garden. 

Point 3 (west facade) is characterized by the free 
area for studying the journals and has a lot of 
sunlight, especially in the afternoon. Therefore, and 
to minimize this effect, smoked glass was installed, 
affecting the lighting levels that leave something 
desirable concerning adequate lighting for the 
study, as smoked glass, according to the ABNT 5413 
Standard, has a reflection coefficient of 0.5. Finally, 
point 4 (east facade) presents adequate light levels 
in the morning, but in the afternoon, these levels 
decrease, affecting the lighting of the place (Fig.3) 

 
 
 
 
 
 
 
 

Figure 4:  Light Index Measurement Chart (Lux). 

 
Source: Prepared by the author. 
 

The lux required for a study environment is 
500lux [2]. It is reflected in the space quality and in 
the individual’s learning who uses the place as 
shown in point 1, which is configured as the point of 
lowest light density since, at some times, it is below 
the value required by the standard, which interferes 
with the concentration of students. Point 2 is in the 
500 lux range in the morning until 10 am and in the 
afternoon between 1 pm and 3 pm, where natural 
light is insufficient for studies. Point 3 has adequate 
light only in the morning because in the afternoon, 
even with the smoked glass, it has a high lux index, 
making local use impossible. Point 4, during the first 
hours of the day, has a good lighting index, but with 
the solar incidence during the following hours, it 
also cannot be used on-site. However, the lighting 
returns to a reasonable level in the afternoon from 
1 pm.   

It is essential to inform that during the period 
from 11:00 a.m. to 2:00 p.m., all environments 
receive a great deal of light, but these are the times 
of least attendance by the students. It is worth 
mentioning that on the measurement day, a survey 
was carried out with 40 students aged 18 to 44 who 
use the library, and the points were measured at 
least once a week. This survey consists of evaluating 
the colours and lighting of the library and classifying 
the pleasant and unpleasant areas for study.  

 In the following paragraphs, we analyse the 
results of the student perception of the 
environment survey.  

The duration of study or research in a library 
environment shows that time is low due to the 
lighting conditions in the background (Fig. 5). 

 
 
 
 
 
 
 

 

Figure 5: What is the average time you stay in the 
library? 

 
Source: Prepared by the author. 
 

The result of 50% of the students seeking to stay 
near the windows indicates the search for better 
use of natural lighting for their studies. The sunlight 
reflected by surfaces, especially in the outdoor area 
with the direction of the light flow through the 
library windows, falls first on the ceiling, distributing 
the light fairly. The amount of light is reasonable 
because the ceiling is grey and the environment is 
predominantly brown, causing low reflectivity (Fig. 
6). 
 
Figure 6: Which area of the library do you like/feel 
comfortable using? 

 
Source: Prepared by the author. 
 

Library surfaces brightness in study areas to 
their clarity allows the evaluation of the 
environment; that is, there are changes in the 
intensity of the colours throughout the day that 
influences the perception of the environment, 
colour, and the students’ feeling. Therefore, for the 
practice of study and to ensure its efficiency, it is 
necessary to have light backgrounds due to the 
predominant colour of brown, which reminds us of 
laziness, and sleepiness, confirming the research 
(Fig. 7). 
 
Figure 7: Do you think the colours and lighting of this 
location influence your study? 

 
Source: Prepared by the author. 

The largest student public is female, and their 
highest frequency is once a week. This result shows 
that the demand for the library's study areas is low, 
and the male public has a lower frequency. As a 
result, the perception of the library's study areas is 
of emptiness and unused, promoting a negative 
version of the place (Fig.8). 
 
Figure 8: Gender. How often do you use the library to 
study? 
 

 
 
Source: Prepared by the author. 
 

The students, with 82.5% of response, consider that 
the natural lighting, in some hours, is insufficient or 
blinding, influencing the discomfort that increases 
with the exposure time in a predominantly brown 
environment, causing discouragement, drowsiness, 
and low productivity in studies (Fig. 9). 
 
Figure 9: Do you think the colours and lighting of this 
location influence your study? 

 
Source: Prepared by the author. 
 

As a result, it was found that, regarding 
brightness, the pleasant places would be points 1 
and 2; however, in point 1 (as well as most of the 
environments in the library), it is necessary to use 
artificial lighting due to the low light index. On the 
other hand, the unpleasant places would be points 
3 and 4 due to the high lighting index during most 
of the day. Another issue to be highlighted about 
the survey result is the dissatisfaction of students 
regarding the colours of the library (Table 1), 
claiming that these directly affect their emotional 
state and learning, bringing negative consequences 
to their study. 
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Table 1: Library colours according to the measured points. 
 

Points Colours 
Point 1 - Free study 
area 1 

Grey, dark beige, dark 
blue, brown, and red 

Point 2 - Study rooms Beige, dark blue, and 
brown 

Point 3 - Free study 
area of Periodicals 

Beige, dark blue, 
brown, and red 

Point 4 - Free study 
area 2 

Grey, dark beige, dark 
blue, brown, and red 

Source: Prepared by the author. 
 

When analyzing the colour chart, one can notice 
the predominance of dark colours and earthy tones 
spread throughout the library, where, according to 
the students, it gives the feeling that the 
environment is dark and poorly lit. Moreover, the 
colour with the slightest appreciation by humans is 
brown, the predominant colour in the library study 
areas; therefore, the students' sensations 
correspond directly to the colour of the 
environment [3]. 

From the survey, we see that students would 
like a lighter environment with light colours to 
encourage attention and calmness in studying. We 
can notice the preference for areas near the 
windows in the settings of points 1, 2, 3, and 4 in 
morning hours to get as much natural light as 
possible.  
 
 
4. DISCUSSION 

Natural lighting and its intensity are crucial to 
making an activity easier to perform, such as 
reading, writing, and studying. For example, when 
distributing light in a study room through windows, 
skylight falls mainly on the floor near the window, 
while the light reflected from the floor illuminates 
the ceiling near the window. The library floor is 
brown carpet, and the desktop is light grey, not 
providing enough light for the walls and ceiling, 
consequently creating a dark environment. In 
addition, at certain times the tables near the 
windows can cause glare, causing discomfort and 
impairing the students' performance. One solution 
to this problem would be using movable sun shades 
to control the solar incidence at more excellent 
solar illumination times. Therefore, it is noticeable 
that the colours that predominate the 
environments are not favourable for the students' 
visual and emotional balance. The result is the low 
demand of students in these library environments 
for study and research. Therefore, to improve the 
attention and concentration of students, it is 
essential to apply colours in the library 
environments in a way that favours intelligence, 

science, novelty, confidence and security in the 
individual's learning. For this to happen, the colours 
blue, grey, and white are applied because they refer 
to intelligence and science, causing feelings of 
concentration, learning, and lightness. Another vital 
colour that brings essential lighting to the study 
environment (especially in areas with low light 
incidence) is yellow, which is the colour of light that 
brings out sensations of discernment, clarity, and 
incitement to research. Moreover, it is worth 
mentioning that the colour green refers to success 
and safety, bringing sensations of tranquillity, 
shelter, and functionality to the applied place. [3]  

Furthermore, it is essential to emphasize that, so 
that the space does not become monotonous, there 
is a need to streamline the distribution of the cited 
colours suitable for each environment as a 
proposed solution (Table 2), for example, 

 
Table 2: Solutions. 

 
Points  Solutions (colour and light) 
Point 1 - Free study area 1 The solution for this area, 

characterized as the one 
with the lowest light 
incidence, would be 
applying the yellow colour 
that highlights the lighting 
and brightens the 
environment, also bringing 
the blue or grey colour, 
neutralizing and 
encouraging concentration 
and learning. It will result 
in a clearer and lighter 
environment for students. 

Point 2 - Study rooms In this environment, 
colours that highlight the 
lighting, such as yellow, 
are also required, bringing 
illumination and 
encouraging creativity. In 
addition, it is necessary to 
apply colours that also 
bring neutrality to the 
environment, such as grey. 

Point 3 - Free study area 
of Periodicals 

This area has lighting 
problems caused by the 
Red tinted windows, 
leaving the environment lit 
with that colour due to the 
presence of a lot of 
sunlight. The solution to 
this problem would be the 
implementation of solar 
louvres on the windows to 
contain the sun’s high 
incidence applying of 
colours in the 
environment that 

 

emphasize the lighting and 
concentration, such as 
blue, white, grey and 
yellow. 

Point 4 - Free study area 2 Because there is a lot of 
lighting, it is necessary to 
apply colours that soften 
the lighting and make the 
environment visually 
lighter, such as blue, green 
and grey. The combination 
of these colours will bring 
concentration, safety, and 
functionality to the 
students. 

Source: Prepared by the author. 
 
 

5. CONCLUSION 
 Therefore, we conclude that the quality of 

colours and brightness in the study environment of 
the university library studied is unsatisfactory for 
users. We understand that the colours brown and 
beige have their symbolism and acceptance but are 
not recommended for study environments because 
they promote negative feelings for students. It is, 
therefore, necessary to promote more natural light 
in the environment because it stimulates the 
degree of attention, visual field, and colour 
differentiation and promotes well-being. Moreover, 
this set of elements (light and colour) in the study 
areas of a library is of utmost importance for 
intellectual maturation, which is an ideal place for 
the impulse of search, promoting the discovery that 
sediments the habit of reading and studying. 

Furthermore, it is valid to reaffirm that natural 
lighting and colour are engaging factors in the 
interaction of students with their study 
environment. Studies show the importance that 
natural light and colour have on mood, attention, 
creativity, and motivation, as well as on their 
performance and learning required in their roles as 
students. Therefore, it is necessary to recognize the 
importance of light and colour in the reactions 
generated by the individual. It is also up to 
architectural professionals to pay attention to the 
theme of light and colour in the performance and 
learning of the student when preparing educational 
projects. 
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Housing is characterized by being a complex space due to its spatial and functional diversity. In addition, the 
direction and speed of the wind present a high variability in small fractions of time. Some of these variables are 
often simplified in natural ventilation analyses, and it is possible to subject the users to annoying situations in their 
daily life. For this research, we developed analytical tools that could serve architects in the design process. This 
approach combines short-term CFD simulations and measurement tools. The analysis was done during certain 
periods of time (morning, midday, afternoon, night) and in different space planes defined by users' daily activities. 
The analysis links the performance of each space with its respective use, evidencing the inconvenience and/or 
convenience of some air speed ranges throughout the day inside a home. The results succeeded in estimating the 
annual frequency when the apartment had desirable or inconvenient speeds, allowing a spatial and temporal 
approach to the performance of the natural ventilation  throughout the year. 
KEYWORDS: Annual ventilation performance, housing, CFD simulation, climate dataset. 
 

1. INTRODUCTION 
For years energy and lighting performance 

decisions in buildings have been supported by annual 
climate-based metrics. Nowadays the computer tools 
needed for these tasks are commonly used in many 
architectural design workshops and environmental 
advice offices [1]. This is not the case with the natural 
ventilation analysis applied to buildings, that shows a 
significant methodological backwardness compared 
with energy performance studies or natural lighting 
simulations. Regulations concerning indoor air quality 
and natural ventilation in architectural spaces reveal a 
similar situation: they are briefly oriented to consider 
the minimum Air Changes per Hour (ACH), lacking a 
climatological approach. In our tropical context, in 
Colombia, meeting certain window size or estimating 
standard ventilation rates in every room suffices to 
accomplish national regulations [2,3,4].  

Estimating how much air flows through a space 
during an hour based on the mean wind speed 
provides valuable information to support some 
informed design decisions, but leaves aside spatial and 
temporal approaches that could improve the analysis's 
representativeness. It is the case of the variation of the 
speed wind profiles, the inside wind flow patterns, the 
convenience of certain ventilation modes depending 
on schedule, human activities and body positions. 
These aspects remain excluded in the ACH approach. 

Last decade brought a notorious improvement of 
the CFD tools, but they are still oriented to obtain 
results from a single speed and wind direction. Annual 
climate-based ventilation metrics are desirable, but 
even though some annual simulations for natural 

ventilation have already been explored [5,6], they are 
still complex and inefficient processes because of the 
intensive computational needs associated. Most of the 
revised research papers in our tropical context used 
mean wind speed and the most frequent wind 
direction as the representative conditions of the 
studied site [7,8,9,10]. It is a pragmatic approach to 
save computational needs, but this simplification leads 
to the generalization of the wind conditions, as stated 
in the discussion part of these works.  

Unlike energy consumption analysis now 
considering hourly simulations during a complete year 
[11], natural ventilation analysis are usually limited to 
an average annual speed based on data measured at 
an airport [12,13]. The consequence of such 
simplification goes beyond ignoring the daily 
variability of wind direction and speed during the day, 
a relevant issue in the Andean Tropics; the procedure 
overestimates ventilation rates during the frequent 
wind calms in deep valleys, especially in the first hours 
of the day. It should be noted that in hot humid 
climates it is convenient to have air flowing in the 
sectors and heights where people are located, for this 
reason in tropical regions the arrangement of the 
furniture obeys the internal air flow patterns. Besides, 
maximum ventilation is not always the most 
convenient strategy because in the presence of indoor 
guts, it is likely that papers and objects begin to fall or 
that gas cooking tasks become hindered. These and 
other annoyances explain why high speed ventilation 
comes with people deciding to close the windows 
despite experiencing heat [14]. In cold climates, the 
opposite situation happens, and users make efforts to 

 

 

ensure natural ventilation with sufficient flow rates, 
avoiding guts in places where they stay the most, 
especially during sleeping time.  

In the typical ventilation analysis used to evaluate 
single use rooms (i.e. offices, stores, or classrooms) 
major variables are discarded and the requirements 
are standardized without detailing about the activities 
that take place. The main activity defines the 
ventilation rates to be accomplished. In the residential 
buildings, characterized by its spatial and functional 
complexity, furniture, body posture and activity 
change depending on habits at different times of the 
day [15,16,17]. In this context complex analyses are 
needed to include factors that also affect the 
ventilation assessment in order to include local wind 
pattern variations [18].  

The availability of abundant climatic records in the 
region allows a detailed characterization of the wind in 
a place [19], but this type of meteorological 
information, continuous and on an annual basis, is 
rarely applied by architects. There is sufficient 
information to estimate the annual ventilation 
performance without waiting for the expected rise of 
the computation speed needed to make Annual CFD 
metrics a feasible tool. This research proposes a 
method to integrate computer simulations, human 
factor analysis (daily home use patterns) and 
meteorological data to calculate climate-based 
ventilation metrics. The objectives were: a) To use the 
results of a CFD simulation to add spatial criteria to 
make differential evaluations of the heights and 
sectors of the room through which the air flows. b) To 
identify temporal wind patterns in a place, to prepare 
several CDF simulations to valuate wind speed in 
consideration of the ventilation needs during the 
typical schedule in a house.  

This methodological exploration is intended to 
improve the natural ventilation analysis during the 
early design phase of residential projects. Some 
applications are being tested to refine window sizing 
and distribution, but the basic methodological scheme 
is presented here estimating the annual natural 
ventilation performance of an apartment. 
 
2. METHODOLOGY 

The city of Medellín, Colombia (Lat: 6.217, Long: -
75.567, Altitude 1530 masl) has a multiparametric 
sensor network that continuously monitors the 
meteorological conditions of the deep Andean Valley 
where it is located. The facility, named “Sistema de 
Alerta Temprana del Valle de Aburrá” (SIATA) [20] 
collects minute-by-minute continuous wind data in 39 
places distributed along the city since 2012. From this 
public dataset the records of the 2019 year near 
downtown were selected (Figure 1). 

The complete year dataset, classified by schedule 
(4 ranges of hours), speed (3 ranges of wind speed), 

and direction (3 groups of wind direction) allowed to 
characterize the typical wind conditions of the site. 
(Figure 2). 

 
 
Figure 1: Medellín is located into a deep valley in the Andean 
Tropic. The meteorological network has 39 wind measuring 
stations. The 202 station that was used is highlighted. 

 

Figure 2: Classification of a complete year wind conditions 
measured during 2019 in the 202-AMVA station near the city 
downtown. The image shows 3 groups of wind direction and 
3 ranges of wind speed. 
 
2.1 Dataset pre-processing  

The original dataset contains minute by minute 
measurements of both wind speed and direction, a 
volume of data nowadays impossible to manage in a 
CFD platform. The frequency distribution of 
representative conditions for every range of daily 
hours characterizes the temporal distribution of the 
local wind, increasing the time resolution of the 
ventilation analysis and widely surpassing the 
resolution of a standard EPW or TMY file. 

The 24 hours of the day were grouped in four 
periods of time comprising 16 hours per day: Morning: 
(6:00 am - 10:00 am), Midday: (10:00 am - 2:00 pm), 
Afternoon: (2:00 pm - 6:00 pm) and Night: (6:00 pm - 
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10:00 pm). The midnight hours were excluded from 
the analysis. Most of the time there is no wind in 
Andean valleys and climatic conditions in the city 
makes it desirable to keep windows closed during 
night time. 

The list of 525.600 wind values (total minutes in a 
typical year) were classified according to the already 
mentioned four schedules to make basic statistical 
analysis to know the most frequent wind speeds and 
directions month by month in the four schedules. The 
wind speed was classified in 4 groups: (a) Calms, (b) 
0.5m/s to 1.5m/s, (c) 1.5m/s to 2.5 m/s, (d) 2.5m/s to 
3.5 m/s. The processed dataset included as few groups 
as possible in order to include the 80% of the complete 
year data. Every pair of values of this list was used as a 
boundary condition to the corresponding CFD 
simulation (Figure 3). 

Figure 3: Wind speed and direction of every minute during 
the complete year in the studied location. The number of 
cases finally simulated varies according to the schedule: (4 
cases in the morning, 6 at midday, 7 at afternoon and 6 at 
night). In every portion of the schedule the selected groups 
correspond to the 80% of the dataset ignoring the less 
frequent wind events 
 

Every group contains thousands of values but in 
order to make the simulation feasible it is necessary to 
transform them into a pair of values to be used as the 
boundary conditions of every CFD simulation. To 
achieve this task the median value of each wind 
direction range and the mean speed of every group 
were calculated. The schedule structure was 
maintained and there are results for each one of the 
four lines of the daily schedule (Table 1). 

These boundary conditions were used to prepare 
the ventilation simulation recipes of a typical 70m2 
apartment located in the 3 floor of a standard 
residential building ventilated through 4 different 
windows (Figure 4). 

 
 

 
2019 GROUP MEAN SPEED 

(m/s) 
DIRECTION(°) ANNUAL FREQUENCY 

  Morning A 
B 
D 
G 

1.0  
2.0  
1.0 
1.0 

15 
15 

130 
250 

32% 
14% 
18% 
19% 

Midday A 
B 
C 
D 
E 
G 

1.0  
2.0  
3.0  
1.0  
2.0  
1.0  

15 
15 
15 

130 
130 
250 

18% 
20% 
11% 
12% 
10% 
14% 

Afternoon A 
B 
C 
D 
E 
F 
G 

1.0  
2.0  
3.0  
1.0  
2.0 
3.0 
1.0 

15 
15 
15 

130 
130 
130 
250 

11% 
15% 
12% 
9% 

12% 
13% 
12% 

Night A 
B 
C 
D 
E 
G 

1.0  
2.0  
3.0  
1.0  
2.0  
1.0  

15 
15 
15 

130 
130 
250 

20% 
17% 
9% 

14% 
14% 
10% 

 
Table 1: Selection of values to simulate obtained from each 
classification group that add up to more than 80% in each 
schedule. 

 
 

Figure 4: Typical 70m2 apartment ventilated through 4 
different windows. The image also shows a CFD simulation 
using the wind speed and direction corresponding to the 
group A. 
 
2.2 CFD simulations  

Ladybug, Honeybee and Butterfly are open-source 
plugins for Grasshopper and Rhinoceros that help 
evaluate environmental performance in architecture 
[21]. In this computational environment several 
validated simulation engines such as EnergyPlus, 
Radiance, Daysim or OpenStudio can be used through 
the visual programming environment of Grasshopper. 
To connect the Rhino model geometry to the 
computational fluid dynamic simulation (CFD),  
prepare the OpenFOAM engine simulation cases [16] 
and run the simulations required, the Butterfly tools 
(Version 0.0.05  2019-02-23) were implemented [17]. 

To estimate the air speed in a room the standard 
practice is to prepare a single probe array and gather 

 

 

the results in a single mean value considered 
representative of the complete room ventilation 
scheme. The methodological approach applied was 
oriented to improve the spatial resolution of the 
analysis, for this reason we defined small different 
probe groups located on two horizontal planes at 
different heights for each space (Figure 5). The kind of 
activities to develop in every studied room and the 
expected body position according to the most 
probable furniture layouts allowed us to assess the air 
speed conditions in sub-sectors of every room (Table 
2). 

 
Figure 5: Each space is divided into two planes, each one at a 
different height, related to the activities of the users. 
 

ROOM PLANE 1 PLANE 2 SCHEDULES 
KITCHEN 0.90m 1.50m Morning: (6:00am - 10:00am) 

Midday: (10:00am - 2:00pm) 
Night: (6:00pm - 10:00pm) 

BEDROOM 0.40m 0.75m Afternoon: (2:00pm - 6:00pm) 
Night: (6:00pm - 10:00pm) 

LIVINGROOM 0.75m 1.50m Moring: (6:00am - 10:00am) 
Midday: (10:00am - 2:00pm) 

Afternoon: (2:00pm - 6:00pm) 
Night: (6:00pm - 10:00pm) 

 
Table 2: Rooms, corresponding heights to locate the 
measuring probes and the simulated schedules to calculate 
the interior wind speed. Daily use of every room and furniture 
layout were considered to reduce the total simulation cases 
and the number of required probes. 
 
2.3 Evaluation of the performance of natural 
ventilation 

To assess the obtained conditions, both the air flow 
entering the space during every hour and the air speed 
inside every room were evaluated, computing the 
total number of hours the results accomplished the 
desirable indoor ventilation conditions. 

Different threshold air speed values were applied 
depending on the occupation conditions, expected 
activity and corresponding schedule. The values used 
to define these intervals were determined 
subjectively, starting from the experience of the 
authors and matching it with the results of a field work 
still unpublished. It is reasonable to consider that local 
preferences could induce bias to a standard value, but 
the technical literature in ventilation doesn't report 
any recommendation with such detail level. The 
national standards, oriented to promote energy 
savings in HVAC systems rather than comfort in 
passive architecture, neither include any threshold 
recommended value. 

Usually the ventilation analysis is oriented to 
calculate the air volume passing through a room. The 
air changes per hour methodology ACH lacks to 
consider the wind annoyances inside some rooms 
because a suitable air change condition could be 
obtained by uncomfortable wind patterns. Hanging 
objects tend to fall, the kitchen flame turns off, the 
breakfast colds too fast… To assess the convenience or 
inconvenience of a definite speed in every sub sector 
of a room different air speed thresholds values were 
considered, according to the time of the day, the 
probable activity level or the associated clothing, 
amongst other possible considerations. (Table 3). 
 

ROOM LOW AIR SPEED HIGH AIR SPEED   SCHEDULES 
KITCHEN < 0.5 m/s 

< 0.5 m/s 
< 0.5 m/s 

> 0,7 m/s 
> 0,7 m/s 
> 0,7 m/s 

Morning 
Midday 
Night 

BEDROOM < 0.5 m/s 
< 0.3 m/s 

> 0,7 m/s 
> 0,5 m/s 

Afternoon 
Night 

LIVINGROOM < 0.5 m/s 
< 0.5 m/s 
< 0.5 m/s 
< 0.5 m/s 

> 0,7 m/s 
> 0,9 m/s 
> 0,9 m/s 
> 0,7 m/s 

Moring 
Midday 

Afternoon 
Night 

 
Table 3: Air speed threshold values classified by schedule and 
room. The probe values were evaluated according to these 
bounds to assess every ventilation condition. 
 
To determine if each space was over or under 
ventilated during every schedule and at a specific 
height, the number of points on each plane that 
corresponded to air speed data from one of the ranges 
mentioned before (low or high air speed) was 
calculated. And the following premises were 
established, based on previous research [18]: 

If more than the 80% of the total points simulated 
in each plane corresponded to the range “Low air 
speed”, the space was evaluated as under ventilated. 

If more than the 15% of the total points simulated 
in each plane corresponded to the range “Low air 
speed”, the space was evaluated as over ventilated. 

If none of the previous premises were true, the 
space was evaluated as desirable. 

Finally, we calculated the annual frequency for 
each evaluation, based on the database that was 
already processed (Table 1).  
 
3. RESULTS 

For each space, the results were analyzed for the 
two planes at different heights, at the specific 
schedule that was evaluated. The results were 
organized in a horizontal bar chart, where it is possible 
to see the percentage of instants in the year that each 
space was evaluated as under ventilated, over 
ventilated or desirable, depending on the height of the 
plan used for the simulation, and the time of day 
(Figure 6). 
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Figure 6: Annual frequency according to ventilation 
performance in two different planes for the three spaces in 
each schedule. 
 

Figure 6 shows that the kitchen, that was the only 
space evaluated at 0.90 m, was under ventilated more 
than the 44% of the year during the morning, midday, 
and night, when it was evaluated at 0.90 m, also there 
wasn't any instant with desirable conditions 
throughout the year. On the other hand, when the 
kitchen was evaluated at 1.50 m, it was over ventilated 
more than the 80% of the year for the whole day. 

 The living room is the only space that has at least 
a frequency of 10% of the year with desirable 

conditions, when the 1.50 m plane was evaluated. 
During midday, 45% of the year had desirable 
conditions, 34% of the year in the afternoon, and 19% 
of the year in the morning. On the other plane (0.75 
m), at least 12% of the year during the afternoon has 
desirable conditions, this also happened during the 
midday 14% of the year.  

Finally, the bedroom was the only space evaluated 
at 0.40 m, and was over ventilated 84% of the year 
during the afternoon and night.  When the 0.75 m 
plane was analyzed, 30% of the year the room had 
desirable conditions at night, and only 9% during the 
afternoon. 

 
3. DISCUSSION 

Having in mind the results, one of the problems 
that the apartment has, is that the kitchen at the 
height of the stove was under ventilated almost 70% 
of the year during the morning, and almost half of the 
year during the midday and night. Those are the times 
of the day when the kitchen is most likely to be in use, 
specifically for cooking. This situation can cause smells 
and gases to build up. For this reason, it is 
recommended from the architectural design, to 
increase the size of the opening located in this space, 
in order to reduce the moments in the year in which 
the space was under ventilated. 

The bedroom also was under ventilated during the 
afternoon when the 0.75 m plane was evaluated. 0.75 
m corresponds to the height of a desk where a person 
can work, or a child can study during this time of the 
day. However, more than half of the year the room 
was over ventilated, this condition can cause papers 
and objects to begin to fall, forcing the user to 
completely close the window most of the year. For this 
reason, it can be worse if window size is increased. 
Also, having in mind that at 0.4 m more than 80% of 
the year the bedroom was over ventilated, it might be 
more important to fix this condition and reduce the 
size of the window. However, it must be taken into 
account that only a change in the size of the window is 
being considered, but it could be possible to look for 
other solutions such as a change in position that help 
increase the number of annual instants with desirable 
wind conditions. 

Finally, the general results show that most of the 
year, in almost every space, during the 16 hours that 
were evaluated, the apartment was over ventilated. 
This condition can seriously affect the comfort of the 
user and the activities carried out every day, the 
specific consequences were previously mentioned. 
Taking this into account, it is important to study other 
alternatives for the design of the windows of the 3 
spaces that were analyzed, with the objective of 
increasing the number of instants with desirable 
conditions during the year.  

 

 

 

4. CONCLUSION 
Every wind condition corresponds to a definite pair 

of values: wind direction and air speed, but it is 
impractical to make 525.600 CFD simulations to 
analyze the ventilation performance of a room during 
the complete year because in this hypothetical case 
the results for every studied room would consist of 
millions of values to be grouped by schedule, probe 
zone, height and so on. Many places show a stable 
wind pattern during the year, specially in the 
Equatorial Zone where there are no major seasonal 
changes, but exchanging the mentioned complexity to 
a single pair of values could be too much simplification. 
The developed method is a mixture of two routes: 
starts with the statistical processing of the 
meteorological data and entwines the wind history of 
the place with the wind profiles inside the room via 
computational simulation. 

The temporal resolution now offered by the 
meteorological networks are rarely used in the natural 
ventilation analysis. In this research, we calculated the 
total number of annual instants three different rooms 
maintained a good ventilation performance. This type 
of mixed analysis is practical and can be adapted for 
other architectural applications to make informed 
decisions based on climatological data and CFD 
simulations. 

Classifying meteorological data by hourly groups, 
and then post-process these results according to 
different room/schedule air speed thresholds, 
improves the analysis and makes it possible to include 
Human Factor issues to the ventilation discussion 
without major methodological refinement.  
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ABSTRACT: This work presents an overview of the functionality of the EVAMED tool (Environmental Assessment 
of Buildings with a Life Cycle approach). The main objective of this tool is to assist building designers and 
constructors, mainly in Mexico and the rest of Latin America, from the first design phases, to create buildings 
with a lower environmental impact throughout their whole life cycle. EVAMED's interface is friendly and 
intuitive, as it is aimed at a non-LCA expert user. The configuration of the project to be evaluated through 
EVAMED is done over a 'wizard' type process. The results are presented through interactive graphs that allow 
visualizing the potential environmental impacts from different approaches: by life cycle stages or by construction 
systems and materials. This allows different types of evaluations to be carried out, for example, analysing the 
building Carbon Footprint, the environmental impact of its use phase, or evaluating its complete life cycle. A case 
study is presented where the carbon footprint of four construction solutions is evaluated from a basic building 
geometry modelled in Revit. 
KEYWORDS: LCA, Building Environmental Assessment Tools, EPD, BIM, Sustainable Buildings 
 
 

1. INTRODUCTION 
The building sector is generally recognized as 

one of the sectors with the greatest environmental 
impact globally. According to Passer, et.al. (Passer 
et al., 2012), the optimization of energy 
consumption during the buildings operational phase 
has reached its limit, which has caused the rest of 
their life cycle stages to take on greater relative 
importance on its potential environmental impacts. 
This means the strategies implemented to reduce 
the buildings energy consumption (passive and / or 
active strategies), may transfer the environmental 
impacts of the use phase, to other life cycle phases, 
such as the materials production, transportation, 
construction, or the end-of-life stage (Hollberg et 
al., 2018). 

Life Cycle Assessment (LCA) is a widely 
recognized methodology for evaluating, rethinking 
processes, and eventually improving the energy and 
environmental performance of a building. However, 
it has also been recognized that its application in 
the building sector is generally complex and time 
consuming. The lack of experience and knowledge 

on this methodology by architects, as well as the 
lack of information on construction products and 
processes, are other factors that slow down its 
widespread application (Di Bari et al., 2019; 
Hollberg et al., 2018; Meex et al., 2018; Obrecht et 
al., 2020). 

Despite the fact that the decisions made in the 
early stages of the architectural design process are 
those with the greatest relevance in the 
environmental performance of a building, little 
information is available about the building in those 
stages to carry out a complete LCA , for example, 
the exact amount and type of construction 
materials to be used are not known (Hollberg & 
Ruth, 2016). 

In recent years, tools have been developed to 
facilitate the LCA application in buildings, saving 
time and reducing information requirements. This 
has been possible due to the 3D computational 
models (mainly through Building Information 
Modeling, BIM), and to the environmental 
information that has been generated on various 
construction materials (mainly through 

 

Environmental Product Declarations, EPDs). The 
interoperability of these tools with several 
databases is another feature that remark their 
usefulness and operation (Crippa et al., 2020; Di 
Bari et al., 2019; Hollberg et al., 2021; Meex et al., 
2018; Soust-Verdaguer et al., 2017). 

Although the use of these tools to develop LCAs 
of buildings is increasingly common, it is important 
to mention that most of them have arisen in 
developed countries, for local use, and generally do 
not allow national or regional variations. That is, the 
databases they use are not usually appropriate for 
use in contexts other than those for which they 
have been developed. 

The objective of this work is to present an 
overview of the functionality of the EVAMED tool 
(Environmental Assessment of Buildings with a Life 
Cycle approach). The main objective of this tool is to 
assist building designers and constructors, mainly in 
Mexico and the rest of Latin America, from the first 
design phases, to create buildings with a lower 
environmental impact throughout their whole life 
cycle. It is an online platform (currently under 
development), which looks to be freely access, 
through user registration and password. 

A case study is presented where the 
incorporated carbon footprint of four different 
construction solutions for a house are evaluated. 
This exercise does not include operational energy, 
neither the transport, construction nor end of life 
phases, since the objective of this case study is to 
show how EVAMED could assist for the selection of 
construction solution from the environmental 
perspective. The analyzed house of this case study 
is based only on a basic geometry, where the 
construction systems and building materials to be 
used are not yet known. EVAMED calculates 
different construction system options, based only 
on the geometry of the building, to calculate their 
potential environmental impacts, and provide this 
information to the user to facilitate decision-making 
during the early design phases. 

 
2. EVAMED METHODOLOGY 

EVAMED is based on a series of algorithms that 
implement the calculation logic of the LCA 
methodology. This methodology is based on the 
phases of the life cycle and the modules defined in 
the EN 15978 standard. The EVAMED interface is 
friendly and intuitive, since it is aimed at a user who 
is not an LCA expert. The tool is made up of five 
general parts: 

 
2.1 Project Description 

General information of the project to be 
evaluated is defined: type of project (housing, 
business, office, etc.), location, construction 

surface, habitable surface, number of levels and 
useful lifetime. 

 
2.2 Quantification of construction materials 

The quantification of construction materials is 
one of the most time-consuming processes during 
the LCA of buildings. As part of the EVAMED project, 
a DYNAMO file has been developed that allows the 
quantity of materials in a building model made in 
Revit to be quantified. According to the American 
Institute of Architecture (AIA), the Level Of Detail 
(LOD) that can be achieved for a building model can 
be classified into five levels: LOD 100, LOD 200, LOD 
300, LOD 400 and LOD 500 (Soust-Verdaguer et al., 
2017). The DYNAMO file (which can be downloaded 
from the EVAMED platform and installed on the 
user's computer) allows materials to be quantified 
under two scenarios, depending on the LOD level 
reached: 

1) Automatic quantification of construction 
materials for a Revit model with LOD 300. 
When the user has specified construction 
materials in a Revit model, a file with an 
xlsm extension can be generated with the 
quantification of construction materials, 
cataloged in the different construction 
components that make up the building 
(foundations, floors, walls, roofs, etc.). This 
file can be uploaded to EVAMED, whose 
information will be cataloged as 'Revit 
Model'. 

2) Automatic quantification of construction 
materials for a Revit model with LOD 200. 
When user has just modeled a basic 
geometry (floor, walls and ceilings), without 
specifying materials or construction 
systems, an xlsm file can be generated with 
the quantification of different construction 
systems, calculated from the modeled basic 
geometry. This feature is useful to support 
the user in the selection and combination of 
different construction systems based on 
their environmental performance 
throughout their life cycle. This information 
will be cataloged within EVAMED as 
'EVAMED Options'. 

A third building material quantification option is 
available for users who do not have a Revit building 
model. In these cases, it is possible to download 
from the EVAMED platform, a template in xlsm 
format that can be filled in manually, selecting the 
construction materials that are preloaded in the 
EVAMED database.  

 
2.3 Project configuration 



AN
ALYSIS AN

D M
ETHO

DS

AN
ALYSIS AN

D M
ETHO

DS

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

930 931

 

The project configuration is carried out through 
a wizard-type process that is made up of four 
general stages: 

 
2.3.1 Production 

 In this stage, the quantification of construction 
materials is shown, which is read from the xlm file 
that has previously been imported. This information 
is cataloged in the main components of a building: 
foundations, interior walls, exterior walls (facades), 
floors, intermedial floors, ceilings, structure, doors, 
windows, special installations, and others. New 
materials can be added directly to EVAMED. Each 
material is associated with the internal EVAMED 
database to quantify their respective environmental 
impacts (stages A1, A2 and A3 of the building's life 
cycle). For each construction material, it is possible 
to edit the quantity, as well as to specify up to two 
types of transport (stage A4). Similarly, it is possible 
to specify lifetime or number of replacements for 
each material during the useful life of the building 
(stage B4). 

 
2.3.2 Construction 

 In this stage (A5) the energy consumed during 
the construction process of each construction 
element (foundation, floors, interior walls, etc.) is 
specified. 

 
2.3.3 Use 

 The energy consumed during the building use 
phase is specified (B6). It is possible to select 
between energy from the country electricity grid, 
another source of energy such as natural gas, and 
the use of photovoltaic panels for the self-
generation of electric energy (the calculation of the 
energy requirement is carried out externally to 
EVAMED). 

 
2.3.4 End of life 

As in the construction phase, the energy used 
during the deconstruction process of each 
construction element is specified (stage C1). 

 
2.4 Databases 

For the production phase (A1-A3), EVAMED is 
based on three sources of information: 

 
2.4.1 MEXICANIUH 

It is a database of the main construction 
materials produced and used in Mexico's building 
sector. It is developed by the Center for Life Cycle 
Analysis and Sustainable Design (CADIS), which 
participate in the EVAMED project. Among the 
materials considered are brick, hollow block, 
cement, sand, and gravel, as well as the Mexican 
elecricity mix. The potential environmental impacts 

of each material have been calculated under the 
LCA rules, using the CML 2 baseline 2000 V2.05 
evaluation method. 

 
2.4.2 Environmental Product Declarations (EPDs) 

EPDs are a type III environmental label that 
"presents quantified environmental information on 
the life cycle of products to allow comparison 
between products that fulfill the same function" 
(AENOR, 2010). The quantification of the potential 
environmental impacts is based on the Product 
Category Rules (PCR) that specify the calculation 
rules and the way of presenting the results within 
an EPD document. The calculations and results are 
reviewed by an independent third party, thus 
ensuring the transparency of the information 
(AENOR, 2010). EVAMED considers the EPDs 
published by The International EPD System for 
construction products manufactured in Mexico, as it 
is the one with the greatest presence worldwide 
(Ibáñez-Forés et al., 2015). 

 
2.4.3 Environmental Performance in Construction 
(EPiC) 

It is an extensive database of different building 
materials. Unlike MEXICANIUH and the EPDs, EPiC 
only considers construction materials from 
Australia, and is limited to quantifying the energy 
and water consumed during the manufacture of the 
materials, as well as the equivalent CO2 emissions 
[13]. EVAMED uses this information to contribute to 
the calculation of the carbon footprint. 

For the transportation (A4), construction (A5), 
replacement (B4), operational energy use (B6), and 
demolition (C1) phases, EVAMED considers the 
ECOINVENT V3 database, using the CML-IA 
calculation method. baseline V3.06/EU25. 

 
2.5 Results 

After configuring the project, the results are 
presented through interactive graphs that allow 
visualizing the potential environmental impacts in 
the following categories: Abiotic depletion (PAAe), 
Abiotic depletion (fossil fuels) (PAAf), Global 
Warming (GWP), Ozone Depletion (ODP), 
Acidification for soil and water (AP), Eutrophication 
(EP), Photochemical oxidation (PFOF), Acidification 
(PA), Eutrophication (PE), and Water scarcity 
potential (EA). The results can be visualized from 
different approaches: (1) by life cycle stages, (2) by 
construction elements, and (3) construction 
elements by life cycle stages. 

These results allow different types of 
evaluations to be carried out, for example, 
analyzing the embodied carbon footprint of a 
building, evaluating the environmental impact of its 
use phase, or evaluating its complete life cycle. 

 

After viewing the results, the user has the 
possibility to adjust his proposal to improve its 
energy and environmental performance. For 
example, these adjustments can focus on 
implementing bioclimatic design strategies, using 
alternative materials, implementing renewable 
energy generation systems, using local materials, 
changing transportation systems, modifying 
construction and/or demolition processes, etc. 
After adjusting, the user can compare the results of 
various proposals on his case study. These results 
can serve as a reference to comply with some 
regulation, environmental-energy certification 
system, or just to improve the environmental 
performance of the building. 

 
3. CASE STUDY 

The case study analyzed for this work is based 
on a social housing project developed by the 
Mexican company CONSULTE Hogar. This case study 

is based on a Revit geometric model of LOD 200, 
where only the basic geometry has been modelled. 
The geometric proposal of this house is made up of 
a surface of 42.31 m2 with a height of 2.7 m. This 
analysis is limited to evaluating the potential 
environmental impacts of four possible construction 
systems for a housing project during the production 
phase (A1-A3). 

 
3.1 Project configuration 

DYNAMO was used to quantify the amount of 
construction materials for the most used 
construction systems in Mexico. In this exercise, 
four construction systems were considered with 
their respective materials (Table 1). The materials 
calculated for each of them are shown in Table 2. 
These data were integrated in the xlsm format 
within the 'EVAMED Template' option to be later 
read by the tool. Figure 1 presents an example of 
how this information is displayed. 

 
Table 1:  
Construction solutions proposed 

 
 
 

 
 
Table 2:  
Construction materials calculated for the different construction solutions proposed 
 

 
 
 

Construction 
element Constructive solution 1 Constructive solution 2 Constructive solution 3 Constructive solution 4 

Foundation Foundation slab 10 cms Foundation slab 10 cms Foundation slab 10 cms Foundation slab 10 cms 
Interior wall Brick 7x14x28 Brick 7x14x28  Hollow block 15x20x40  Hollow block 15x20x40 
Exterior wall Brick 7x14x28 Brick 7x14x28  Hollow block 15x20x40  Hollow block 15x20x40 
Celling/Roof Concrete slab Joist and vault Concrete slab Joist and vault 

Structure Concrete columns Concrete columns Rods embedded in 
concrete 

Rods embedded in 
concrete 

Material Unity Foundation Interior 
Wall 

Exterior 
Wall 

Floor Celling/Roof Structure Database 

Sand for concrete M3 X    X X MEXICANIUH 
Sand for mortar M3  X X X  X MEXICANIUH 
Sand for finish flattening M3  X X    MEXICANIUH 
Gravel M3 X    X X MEXICANIUH 
Cement for concrete Kg X    X X MEXICANIUH 
Cement for mortar Kg  X X X  X MEXICANIUH 
Cement for finish flattening Kg  X X    MEXICANIUH 
Water for concrete Kg X    X X EPiC 
Water for mortar Kg  X X X  X EPiC 
Water for finish flattening Kg  X X    EPiC 
Steel rod Ton X    X X EPD 
Stirrup wire Ton X    X X EPD 
Tie wire Ton X    X X EPD 
Brick 7x14x28 cms Kg  X X    MEXICANIUH 
Hollow block 15x20x40 cms Kg  X X    MEXICANIUH 
Ceramic tile Kg    X   EPiC 
Joist 16 cms Kg     X  MEXICANIUH 
Vault 16 cms Kg     X  MEXICANIUH 
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Figure 1:  
Project configuration during production stage 

 
3.2 Case study results 

Table 3 shows the carbon footprint of each of 
the proposed construction options. 

 
Table 3 
Carbon footprint of the constructive solutions (kg 
CO2 eq). 

Constructive 
solution 1 

Constructive 
solution 2 

Constructive 
solution 3 

Constructive 
solution 4 

  1.73e+4   1.64e+4 1.76e+4      1.50e+4 
 
EVAMED allows the user to explore the results 

through interactions in the graphs. Figure 2 shows 
the potential environmental impacts of the 
construction systems of the four construction 
solutions proposed for the case study. It is observed 
that the exterior walls present the greatest 
environmental impact in all the categories, in the 
four cases analyzed, except for global warming. 
 
Figure 2:  
Potential environmental impacts by construction elements 

 
 

 
Figure 3 shows the materials that contribute the 

most to the carbon footprint of construction 
solution 1, where it is observed that the ceramic tile 
is the one that has the greatest impact, followed by 
brick and cement. Same graph could be displayed 
for all projects analyzed. 

 
Figure 3:  
Potential environmental impacts by construction 
materials 

 
 

 
4 CONCLUSIONS 

The application of LCA in the construction sector 
is complex and time consuming. The existing tools 
are focused on a user with medium or high 
experience in LCA. The databases used generally 
limit the application of these tools in Latin American 

 

countries, where there is still not enough 
information on the environmental impacts of 
materials and regional construction processes. The 
objective of EVAMED is to help the stakeholders in 
the construction sector to make decisions during 
the design process to achieve buildings with a lower 
environmental impact throughout their life cycle. It 
is aimed at a non-expert user in LCA and uses 
databases with information attached to the 
Mexican and Latin American reality. The project 
configuration process and the interactive 
visualization of results in EVAMED is intuitive and 
facilitates focused analysis and decision making to 
improve the environmental performance of a 
building. 

As an example of what the tool can do, in this 
work a case study has been presented where the 
carbon footprint of different construction solutions 
has been analyzed from a basic geometry modeled 
in Revit. This allows the user to evaluate 
construction options from the first design phases, 
from an environmental perspective. 

EVAMED represents a step forward in building 
sector sustainability, mainly in the Latin America 
region. Its evolution in the coming years will play a 
fundamental role in favoring the best practices 
during the planning, design, operation, and end-of-
life phases of buildings in the region. 
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Building Façade Through the Ages 
How Architectural Envelope Reflects a Changing Awareness of Nature 

and Climate Responsiveness 
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ABSTRACT: The different epochs in architectural history have been characterized by extraordinary shifts in 
building systems innovation, facade aesthetic, and technology. While a great number of historians have traced 
architectural evolutions in terms of changes in formal expression, building construction, and technology, how our 
awareness to nature and climate has grown to impact façade design has largely remained unexplored. This 
paper investigates the chronology of building façade evolutions and the concomitant changes in people’s 
interpretation of nature that, together, brought about distinctive transformations in architectural styles over 
centuries. This link between building façade and our changing perception of nature is explored with the help of 
selected treatises that have helped shape architecture theory. The changes in façade conception involve building 
systems improvements due to new scientific discoveries, transformation of the wall from a volumetric solid 
entity to a mere ‘curtain’ due to technological advancements, and the treatment of windows not only as an 
outlet for ventilation and view but also an element to define space and light due to a changing sense of 
aesthetics. The outcome of the paper is to present a historical timeline that provides a context within which the 
relationship between nature and façade construction has unfolded.  
KEYWORDS: Building façade, Climate responsive, Façade chronology, Nature, Architectural heritage   
 
 

1. INTRODUCTION  
Throughout architectural history there appears 

to be a paradigm shift that takes place in the way 
people live their lives that fundamentally changes 
the concept of space and how we inhabit it. What 
follows below is a chronological look at how 
building facades have evolved as our understanding 
of, and relationship with, nature has progressed. 
The central idea of the paper is to explore how we 
interpret nature in designing building facades using 
the available technology of the time. The problem 
here is that although the study of building facade 
design is a well-researched one, employing different 
historical and technical points of view, its 
relationship to how people perceived the natural 
environment surrounding the built space 
throughout time has remained largely unexplored. 
As such, the paper aims to trace how humans have 
interpreted nature throughout time using the 
available technology and evolving sensibilities, and 
how that interpretation has shaped building façade 
designs. This chronological perspective toward 
understanding building façade evolution is 
presented through the lens of qualitative research 
methods with historiographic research. The paper is 
divided into four principal sections, beginning with 
the Classical period up to the Industrial Revolution, 
followed by significant façade innovations during 
the Industrial age, the Modern Movement, and 

finally ending with the contemporary parametric 
design space. Each section looks at the wall and 
window design of the time period, with the only 
exception of Classical which also looks at the Orders 
in addition to walls and windows. Informed by the 
in-depth discussion on façade developments, a brief 
comparative analysis is presented thereafter, which 
examines the shifting paradigms through history 
and attempts to provide a probable picture of 
future direction façade innovation may take 
 
2. NATURE AS AN INSPIRATION FOR PERFECTION 

The classical era in architecture was 
distinguished by a profound synthesis of art and 
science (Giedion 1967). Laugier (1755) echoed the 
same sentiment when he argued, in An Essay on 
Architecture, for strict, unwavering principles to 
guide the architectural process, starting from 
conception to construction. Nature was taken as 
this guiding principle, which is why architecture had 
to incorporate specific rules as seen in nature, all to 
achieve perfection. 

The façade treatments of classical times focused 
heavily on Orders, their proportion, and materials 
employed. Whatever the building typology, 
columns in an Order were to be vertical and free 
standing, in order to be most efficient in supporting 
load, and rounded and taper toward the top, 
resembling trees (Laugier 1755). However, Viollet-

 

le-Duc concluded that material transportation was 
the reason for columns being round. Capitals at the 
top of each column that were made to spread the 
load coming from horizontal lintels over a wider 
area, can also be argued to have been inspired from 
wide canopy of trees at the top of a vertical trunk. 
Fletcher’s assertion of Doric order being a 
‘carpentry in marble’ implies that fluting was a 
concept originating in timber construction. In fact, 
flutes are believed to be a representation in stone 
of the vertical grooves left in trees after they were 
debarked to form timber columns (Fletcher 1924). 

Walls, the principal constituent of buildings, 
were required to be strong and firm, intended to 
provide a sense of permanence, strength, and 
security, with any connection to outside kept at a 
minimum. Viollet-le-Duc remarks at how the same 
need for solidity dictated that openings be located 
away from building corners by a minimum distance 
equal to their width. Opening up of the corners was 
seen as weakening the building form (Viollet-le-Duc 
1881), a sentiment shared by Palladio (1738) as 
well. With solidity as an underlying character, 
buildings were made to last. 

Windows were typically small in proportion to 
the façade surface, and, as instructed by Vitruvius 
and later reiterated by Palladio, the ratio between 
the height of the façade to the opening was to be 
3.5 to 2. Palladio reasons that windows bigger than 
the specified ratio run the risk of letting in too much 
heat or cold air. In line with this, Banham (1984) 
explains that poorly developed mechanical services 
of the time meant that bigger windows would 
translate to a higher cooling load. 
 
2.1 First attempts at De-solidification and 
Undulation  

Attempts at experimentation in façade 
treatment were slow and cautious. Between 1419 
to 1424, Brunelleschi erected the first Renaissance 
building in Florence: The Ospedale degli Innocenti. 

The solidity of buildings, a recurring theme in 
classical architecture, started to disintegrate a little, 
as he opened up the loggia of the hospital through 
arches (Fig. 1: left) (Giedion 1967). This kind of 
loggias, though not uncommon in Florentine 
hospitals of the time, adopted a new mathematical 
order under Brunelleschi, with the height of 
columns being equal to the span of the arches 
(James-Chakraborty 2014). While Alberti (1430) 
spoke of the usefulness of the loggia, in providing 
shelter and a place to meet other people or sit and 
relax, its role in breaking the solidity of walls 
appears to have a much stronger and far-reaching 
impact in the evolution of building facades.  

A somewhat similar façade treatment is seen in 
the Pazzi Chapel (1430-1442) where the wall was 
made independent from the structure, acting 
simply as a screen to cover the vault behind 
(Giedion 1967). Supported by six Corinthian 
columns and a central round arch, the exterior 
facade strongly resembles ancient Roman 
architecture style (Fig. 1: middle) (Barolsky 2017). 
This marks the beginning of the long journey of the 
façade as a flat surface analogous to a ‘skin’, free 

from the trappings of structural loads, which would 
lead many innovations in the years to come. 

Undulations in wall surfaces was another 
innovative strategy that developed in later years, 
with Quattro Fontane (1662-67) being the first of its 
kind in Rome (Fig. 1: right) (Huemer 1999). 
Borromini’s masterpiece, with its wave-like 
travertine wall, expresses an energetic movement 
and molds the space within, creating a brilliant 
array of light over the front of the church. Calling it 
a ‘pulsating membrane’, Tansey and Kleiner (1996) 
note how the traditional rigid wall separating the 
interior from exterior is discarded here in favor of a 
more fluid transition between the two. In fact, 
much like a fluid skin, the façade wraps around the 
corner, following the curved street. The period of 
Baroque was distinguished with several such 

Figure 1: (left) Ospedale degli Innocenti. Source: (Wkimedia Commons. 
https://commons.wikimedia.org/wiki/File:UNICEF_Innocenti_Research_Centre.jpg. Accessed 16 August 2021) 
(middle) The Pazzi Chapel in Florence. Source: (Wikimedia Commons. 
https://commons.wikimedia.org/wiki/File:Pazzi_Chapel_Santa_Croce_Apr_2008_P.JPG. Accessed 16 August 2021) 
(right) San Carlo alle Quattro Fontane (Rome), Borromini. Source: (Wikimedia Commons. 
https://commons.wikimedia.org/wiki/File:SCarloQuattroFontaneRome2.jpg. Accessed 16 August 2021.) 
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attempts at façade construction that defied gravity, 
taking inspiration from natural elements, as 
opposed to being an impenetrable solid enclosure. 
 
3. INDUSTRIALIZATION AND A SKELETAL FAÇADE 
TREATMENT 

A major shift in people’s perception of 
architecture took place during the Industrial 
Revolution of 18th century, with innovations in 
steam engines, power loom, iron, steel, and glass 
manufacturing techniques etc. As such, mass-
production of new building materials became 
possible, which inspired a reconceptualization of 
form, function, and space. The natural and few 
manmade building materials used so far such as 
timber, brick, stone, lime and mortar, concrete gave  
way to stronger, more durable materials. The 
enhanced structural capabilities of these newer 
materials, initially used in railroads and bridges, 
gradually allowed buildings to possess monumental 
scale and be open and light at the same time.  

The freedom to design that industrialization 
afforded allowed architects to attempt increasingly 
daring pursuits. Invention of elevators coupled with 
fire-proof steel frame structure coincided with 
several skyscrapers springing up in many urban 
cities in America, one of which was Chicago 
(Frampton 1985). It is said that the true potential of 
iron was explored in the first skyscraper, the 10-
storey Home Insurance Building by William Jenney 
in 1883-85 with its ability to carry load without 
collapsing under its own weight. The walls were 
invariably transformed into simple ‘skins’, to 
provide shelter from inclement weather. 
Horizontally elongated windows, that later came to 
be known as ‘Chicago windows’ dominated the 
walls in most buildings of this time as can be seen in 
the Reliance Building, the Manhattan Building, the 
Chicago Building, and many others. The tripartite 
Chicago window, with its large, fixed glass panel 
flanked by the two double-hung sash windows, 
served to maximize light, ventilation, and views. 
Variations were introduced by changing window 
types as in William Jenney’s the Manhattan Building 
with its bay windows in lower floors. 

 
3.1 Reactionary Movements with New 
Interpretation of Nature 

Contrary to the preceding centuries, 19th 
century witnessed a growing concern toward 
dehumanizing architecture through mass 
production and division of labor. A natural 
resistance to this increasingly industrialized age 
ushered in a romanticized look back at life in the 
countryside. In the 1850’s England, the Arts and 
Crafts Movement that developed the concept of 
‘house beautiful’, welcomed a new interpretation of 

nature in architecture, one that was based on an 
idealistic synthesis of natural landscape and 
handmade craft. Walls were made of red bricks and 
tiles, with stained-glass windows. Born out of 
nostalgia for the unspoiled rural countryside, the 
movement aspired to connect humans with the 
natural world, while having full control over every 
aspect of the making of architecture, including 
furniture, glazing, metalwork, woodwork etc., 
thereby creating what Frampton observes to be ‘a 
total work of art.’ 

Another reactionary architecture style that 
developed because of industrialization was Art 
Nouveau, pioneered by Belgian architect Victor 
Horta. By 1890 much of Belgium’s economy had 
been industrialized, contributing heavily to the 
global production of iron and steel (James-
Chakraborty 2014). As such, there was an 
acceptance of, and adapting to, industrialized mass 
production to create a new decorative vocabulary. 
Similar to Arts and Crafts movement, there was a 
move toward natural, curvilinear elements as 
inspiration for façade ornamentation. In fact, James 
Grady (1955) observes a return of the 19th century 
architect to nature for inspiration for the first time 
since the Gothic period. However, instead of 
rejecting modern materials like the Arts and Crafts 
architects, Art Nouveau embraced cast iron and 
glass to create a sense of fluidity through delicate, 
sinuous lines and exposed rivets (Giedion 1967). 
This time around, botanical forms were taken as 
inspiration to express modernity in structure and 
decoration, rather than provide a nostalgic escape 
to nature 

 
4. MODERNISM AND THE MACHINE AESTHETIC 

The evolution of Modernism reveals how nature, 
so far considered as a source of inspiration for 
façade construction and ornamentation, was slowly 
replaced by the starkness of the machine. Nature 
was instead treated as a realm outside the built 
environment; something to be observed and 
appreciated, but not quite integrated into 
architecture. Particularly, with a growing cultural 
shift led by a modern industrial society there was a 
need for a new architectural language, with 
Functionalism and a Machine Aesthetic ushering in 
20th century Rationalism (Yi and Yi 2010). Prefab 
facades and non-loadbearing glass curtain walls 
became possible due to advancements in HVAC 
systems and flexibility in placement of windows, 
afforded by newer construction techniques. 
Although the history of building environmental 
control systems goes as far back as 1784 when 
James Watt used steam to heat his office, use of 
energy efficient equipment only became 

 

commonplace after mid-19th century (Tzikopoulos, 
Karatza, and Paravantis 2005). 

Facades, as transparent surfaces, brought nature 
visually closer to the built environment. Building 
without decoration also shifted the focus of design 
aesthetic from façade embellishment toward a 
visual relationship between building and 
environment, emphasizing daylight and views. 
Gropius and Meyer’s Fagus Factory of 1911, often 
regarded as the first building of the Modern 
Movement shows a façade that is merely a curtain 
to protect from inclement weather. The expansive 
use of glass, clean geometry, and perceived 
weightlessness was a common principle of 
Modernism, as seen in Bruno Taut’s Glass Pavilion 
and Gropius’s Deutz Pavilion of 1914 as well as the 
Bauhaus Dessau (Banham 1980).  

In fact, taking ferro-concrete as a preferred 
media to express his support for the free façade, Le 
Corbusier went on to create an unprecedented 
lightness previously unseen in architecture (Banham 
1980). White-washed walls, long horizontal strips of 
windows, large voids cut cleanly within facades, and 
a strong style of plain square forms characterize the 
Corbusier aesthetic. Be it the Maison Citrohan of 
1920, or Villa Savoye of 1928 – there was always an 
open visual connection between interior and 
exterior by opening up of the house. 

 
4.1 Modernism and an Organic Aesthetic 

Around the same time, in America, Frank Lloyd 
Wright was rethinking residential architecture on 
the most fundamental level. His response to heavy 
use of iron and glass to construct walls was to 
reimagine them as flat, plain surfaces instead that 
were reorganized in different ways. He sought to 
use machines intelligently to create abstract and 
pure forms as a way to save architecture from 
industrialization (Frampton 1985). Horizontally 
striped walls were dominated by overhanging 
horizontal eaves – the outcome being a complete 
disintegration of solid volume into multiple 
juxtaposed forms, as in Robie house in 1908. 
Ornamentations were geometric abstraction of 
nature rather than a direct evocation of nature. As 
an exemplar of ‘organic architecture’ (Adams 1957), 
his walls exhibited a strong contrast in material, 
some often borrowed directly from nature - light 
colored wall with heavy timber or rugged stone 
wall, with no use of iron or ferrocement. Cleanly cut 
casement windows were a representation of nature 
at its most rudimentary form – simple lines and 
surfaces that effortlessly come together to form an 
enduring shelter. One notable element was the 
corner window – opening up of corners and 
allowing expansive views in most of the Wright 
buildings shows there was a deliberate move away 

from the Classical notions of weakening building 
forms through open corners. 

 
4.2 Iconography and Nature 

Post Modernism in the 60’s, as a reaction to 
Modernism, offered a strong critique to the 
irrelevant subtleties of architecture. In a fast-paced 
world of automobile and commercialism Venturi 
and Brown (1972) argued in favor of iconography 
and mixed media. As architecture moved away from 
implicit abstraction toward explicit articulation, 
nature became a mere background against which 
architecture needed to stand out and express itself. 
Walls and windows were no longer constrained by 
the rules of aesthetic and function but were 
allowed to be ornate and bold, or fragmented and 
curvilinear, or bright and outlandish. Venturi and 
Brown’s Sainsbury Wing at London’s National 
Gallery depicts a particularly humorous façade 
treatment with the neoclassical columns that 
gradually bunch up toward the side, creating a 
curtain-like quality. James Wines’s façades for the 
Best Products Showrooms present a similar take on 
the modernistic notions of purity, clarity and order, 
with its crumbling and peeling brick walls (Levin 
1979). Additionally, the energy crisis of the 70’s, 
establishments of the Environmental Protection 
Agency (EPA), and amendment of the Clean Air Act 
of 1963 led to a change in attitudes toward 
reducing energy consumption in buildings, creating 
a new environmental awareness among the public 
and emphasizing a deeper relationship between 
humanity and nature (Calder 2021). 

 
5. PARAMETRIC FAÇADE - TOWARD AN ANIMATE 
AESTHETIC 

Following the development of the first computer 
aided design (CAD) program in the 60’s to aid 
drafting works, called Sketchpad, architecture 
gradually saw CAD being used to aid design works. 
This led to the emergence of Building Information 
Modelling (BIM) later in the early 2000’s (Andia & 
Spiegelhalter, 2014). By allowing all the elements of 
a building to be created and managed digitally 
(Holzer, 2015), BIM has allowed architects to create 
digital 3D models of buildings for a better visual 
representation, inspiring more complex and exciting 
geometry ideas. All this was further improved by 
the emergence of parametric design, a pre-
programmed rule-based technique of design 
whereby changing a rule, or a ‘parameter’, will 
automatically update all the components generated 
from that parameter. Changing designs by merely 
changing their input data, such parametric 
approaches afford more control and customizing 
options to designers, threatening to overthrow the 
age-old concepts of stasis, permanence, and 
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verticality (Lynn 1999). The adaptive shading screen 
of the Al-Bahar Towers in Abu Dhabi, the optimized 
bowl geometry façade of the Beijing National 
Stadium for the 2008 Olympic Games, the fluid 
façade forms of the National Maritime Museum of 
China etc. are all noteworthy examples of 
parametric designs based on unique algorithms and 
scripting. As such, nature as a phenomenon began 
to permeate architecture with the help of 
computational design practices. Generative systems 
in nature were taken as inspiration to develop 
design approaches that emulate the underlying 
principles and algorithms in nature. 

With recent technology, the reconceptualization 
of traditional architectural norms has led walls, 
moving further away from earlier volumetric and 
planar expressions, to be rethought into modular 
units, each shaped by the intricate fluid field in 
which it inhabits (Lynn 1999). Greg Lynn, one of the 
earliest practitioners of animated design, notes how 
this has allowed facades to be intricately linked to 
the surrounding field, responding to it in real time. 
However, a time-dependent design, instead of 
being a final output representing the culmination of 
the design process, often becomes just one of many 
temporal solutions. It calls into question the validity 
of the performance of the selected geometry over 
others (Yi and Yi 2010).  

Embracing artificial intelligence (AI) to perform 
certain complex tasks seems to be the next big leap 
in architecture. Data-driven design has made it 
possible to test out an infinite number of models 
before construction, research site, optimize design, 
and create multiple possible solutions. Moving 
further ahead, AI can also be used to monitor user 
preferences and learn user routines to predict and 
generate design solutions. BIM data, along with 

various post occupancy surveys can be used to train 
AI and perform real-time autonomous analysis.  

 
6. A COMPARATIVE ANALYSIS 

The relationship between nature and built 
environment has gone through many 
transformations over centuries, with innovations in 
environmental technology. Figure 2 illustrates the 
façade evolution that makes apparent our growing 
appreciation of nature. While the immutable rules 
of Classical architecture based on limited 
construction techniques that gave rise to massive 
walls with small openings arose from a desire to 
achieve perfection as seen in nature, the 
representation of natural elements was only 
through a cosmetic application of ornamental 
motifs. However, the thermal storage capacity of 
these thick-walled structures was key in rendering 
classical architecture habitable in both warmer and 
colder climates. 

During post-industrialized era, a growing 
connection to the exterior took shape as facades 
lost their heavy volumetric quality to industrially 
produced iron and steel. The aesthetic that came 
about preferred the honesty of expression, with 
exposed framings and expansive glass. Around the 
same time, as incandescent lights were replaced, 
first by gas mantle and later by electric lights, the 

extra cooling load was reduced, and walls no longer 
needed to be massive solid objects (Banham 1984).  

However, as can be seen repeatedly over the 
next century, no technological revolution comes 
without being followed by a strong critique offering 
an alternate solution to the same problem. As such, 
the architecture styles generated as a response to 
the industrial society attempted a stronger 
connection to nature – whether it be through 
handcrafted natural materials or integrating natural 

Figure 2: Building façade evolution and the perception of nature 

 

motifs with modern industrial materials. With 
newer conceptual and mechanical advancement in 
the 19th century allowing bigger apertures, a 
stronger visual relationship with the outside 
occurred. Interestingly, the resultant problems of 
lack of thermal capacity, heat and sound insulation, 
visual privacy, pushed the discipline further, leading 
to innovations in mechanical conditioning, low-e 
glazing technology, shading devices etc. Indeed, 
Olgyay (1963) notes the role of shading and tinted 
single-pane glass wall in reducing heat transmission. 

Current innovations in climate adaptive 
buildings, facilitated by 3D printing technology, 
strive toward a stronger data-driven relationship to 
nature, particularly the climate. With growing use 
of simulation tools, like Computational Fluid 
Dynamics (CFD) and Building Energy Simulation 
(BES) for assessment or prediction during different 
stages of the design generation process, it is now 
possible to refine building form, try multiple façade 
options and optimize performance. For instance, 
photovoltaic panels integrated with building 
envelopes can now simultaneously address 
daylight, energy efficiency etc. More recently, the 
global pandemic has been a key driver in realizing a 
stronger direct relationship between the built 
environment and nature, bringing vegetation indoor 
to improve health and wellbeing in the long run. 

 
4. CONCLUSION 

Technological advancements in different eras 
have always ended up shaping cultural and social 
norms for generations to come. Breaking away from 
the very first concepts of architecture: the 
verticality of structures and integrity of the solid, 
parametric architecture is challenging the very 
notion of enclosure. The wall can now disintegrate 
into modular units, move, rotate, bend, twist – in 
response to user needs or environmental stimuli. 
There is no need for architecture of today to 
embody timelessness and permanence. Instead, 
buildings can be made to remain only as long as 
necessary, and then be dismantled and recycled 
elsewhere with prefab units. All these offer endless 
possibilities and direction for architecture to take in 
the coming years and set in motion the next 
paradigm shift that will usher in new advancements 
and a new façade concept. 
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Responsive Brise-soleil 
Design Concept and Performance Analysis 

 

 
 
ABSTRACT: Responsive systems are capable of providing comfort with energy savings using real-time 
environmental data. In this paper, we focus on a responsive system designed to control solar heat gains and 
indoor illuminance, using a set of movable parallel slats combined as a brise soleil in order to provide shading to 
a south-facing window. A low-cost microprocessor equipped with sensors commands the responsive behaviour 
according to a pre-programmed schedule, as follows: a) neutral and operative temperature parameters based 
on the Adaptive Comfort Model; and, b) indoor illuminance thresholds based on the Useful Daylight Illuminance 
(UDI) parameter. The test-cell study, conducted at the Lyle Center for Regenerative Studies of the California State 
Polytechnic University, located in Pomona, California, compared three conditions: unshaded window, shaded by 
brise soleil in a static position, and shaded dynamically by the responsive brise soleil. Results show the 
effectiveness of the system in adequately keeping indoor illuminance within recommended limits in comparison 
to the static brise soleil. The control of indoor operative temperature was also effective in a direct comparison 
with the static condition and evidently versus the configuration without any shading, albeit this last condition 
was evaluated on particularly hot days in February. 
KEYWORDS: Responsive architecture; Responsive brise-soleil; Dynamic shading system; Intelligent façade; 
Building thermal performance. 
 
 

1. INTRODUCTION 
Responsive constructive systems can adapt their 

shape according to indoor or environmental 
conditions [1]. The building envelope has an 
essential role in regulating lighting and thermal 
exchanges between indoor and outdoor 
environments [2]. There are mainly three different 
approaches to façade development. The first one 
corresponds to mechanical shading devices where 
movable parts, operated by microprocessors, 
control solar heat gains and illuminance levels. The 
second approach entails chemical solutions 
associated with optical glass properties triggered by 
an electronic signal to adjust sunlight, heat gains, 
and transparency. Finally, smart materials can be 
adopted, which do not require energy supply to 
activate their dynamic response [2][3]. 

This article deals with the development of a 
climate-responsive brise-soleil prototype that 
should be able to control solar heat gains and 
indoor illuminance levels. A low-cost 
microprocessor equipped with sensors grants the 
system’s the responsive behavior according to a 
pre-programmed schedule triggered by two 
conditions: neutral and operative temperature 
limits according to the Adaptive Comfort Model 
proposed by ANSI/ASHRAE 55 [4] and indoor 
illuminance minimum and maximum levels based 

on the Useful Daylight Illuminance (UDI) parameter 
[5]. The test-cell study compared three conditions: 
unshaded window, shaded by a fixed brise-soleil; 
and dynamically shaded by the responsive brise-
soleil. 

This paper has three sections. The first one 
introduces the field of study and summarizes the 
underlying concept. Section 2 presents the 
methodological approach, providing information 
about the sensors and the design criteria for the 
prototype development and control. In Section 3 
we discuss results obtained. 

 
2. METHODOLOGY 
2.1 Test Cell and local climate 

A test cell was used, with the dimensions of 1.35 
m x 1.35 m x 1.35 m. It has a single glazed window 
610 mm wide x 610 mm high, facing south. 

According to ANSI/ASHRAE 55 [4], the climate 
analysis should be based on weather data from the 
nearest meteorological station. For the design 
concept study, the available data is from Chino 
airport weather station, at 34°N and 118° W, 
elevation 649 ft a.s.l.. Local climate is Köppen-
Geiger’s “Csb" (Mediterran Climate) [6]. The test 
cell is located at the John T. Lyle Center for 
Regenerative Studies in the California State 
Polytechnic University at Pomona, California. 
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2.2 Design Concept for the brise-soleil 
The Adaptive Comfort Model proposed by 

ANSI/ASHRAE 55 [4] was used in the design process 
of the brise-soleil. The times when shaded or sun-lit 
conditions are needed were defined based on the 
monthly indoor Comfort Operative Temperature 
(Neutral Temperature), in an hourly basis.  

 
2.2.1 Indoor Comfort Operative Temperature 
The adaptive comfort model is aimed at 

naturally-ventilated indoor spaces and user 
adaptive behaviour. According to this concept, the 
definition of the thermal comfort range should be 
based on the Neutral Operative Temperature (Tn), 
considering the following assumptions [4]: 

 
• the building relies only on natural ventilation 

for temperature control; 
• occupants’ metabolic rate should range from 

1.0 to 1.5 met; 
• occupants can adjust their clothing level from 

0.5 to 1.0 clo; 
• prevailing mean outdoor air temperature 

(Tpm(out)) ranges from 10oC to 33.5oC. 
 
Tpm(out) is the average outdoor temperature from 

30 days before the current day of analysis. The 
range for 80% thermal acceptability is obtained 
from the neutral temperature Tn given by Equation 
1. Lower and higher temperature thresholds are 
applied to Tn and correspond to +/- 3.5oC around Tn. 
Fig. 1 and Fig. 2 show comfort ranges obtained for 
each month in Pomona. 

 
Tn = (0.31 x Tpm(out)) + 17.8oC  (1) 
 

Figure 1: 
Monthly comfort zone from January to June for 80% 
thermal acceptability (Pomona, CA). 

 
 
Figure 2: 
Monthly comfort zone from July to December for 80% 
thermal acceptability (Pomona, CA). 

 
 
From the obtained adaptive comfort range, 

mean hourly temperatures from the weather file 
can be  used to assess the need for shading to 

prevent overheating to occur. Fig. 3 and Fig. 4 show 
mean hourly temperatures for each month, below, 
within, and above the comfort range, highlighted in 
blue and white for unshaded windows, and in 
yellow-orange scale when shading is needed and in 
what intensity.  

 
Figure 3: 
Monthly mean hourly values from January to June for 80% 
thermal acceptability. 

 
 

Figure 4: 
Monthly mean hourly values from July to December for 
80% thermal acceptability. 

 
 
Shading is required to avoid overheating in the 

afternoon in July, August, and September. 
A solar-shading system consisting of horizontal 

slats could provide adequate shading. The shading 
device could comprise of six slats, 95 cm in length 
and 7 cm in depth, not centralized to the window 
opening to allow sunlight during morning hours. 

As a responsive brise-soleil should be able to 
rotate its slats blocking or allowing in various 
intensities direct sunlight, the prototype dimensions 
are somewhat increased in length and depth. The 
current design is thus based on variations of the 
solar angle to determine the responsive behavior of 
the set of slats. 
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2.3 Slats rotation versus solar angle 
In a responsive system, the slats, each with a 

width of 11 cm, could assume different tilt angles to 
provide total or partial shading depending on solar 
angles. For an adequate management of indoor 
temperature and illuminance levels, the rotation of 
the slats was set to provide three shading 
conditions: 0% (no shading), 50%, and 100% 
shading. Equations 2, 3, and 4 provide desired 
rotations (θ) for a south façade at noon. Hence, the 
prediction of the obtained shading is more accurate 
for the times when solar azimuth is near 180o or at 
noon hours. 

 
For 0% shading: 
Θ= α    (2) 
 
For 50% shading: 
Θ= arcsen (cos α)- α  (3) 
                       2 
For 100% shading: 
Θ=90o – 2.α   (4) 
 
Where,  
 
α = solar elevation angle 
Θ = slat rotation angle to the horizontal plane 
 
Fig. 3 presents a shading simulation using the 

Sketch-Up Software for the three shading patterns 
on February 22nd at noon, with 0% shade, 50%, and 
100% shading, respectively. 
Figure 3: 
Shading patterns at noon on February 22nd, with 0%, 50% 
and 100% shading 

 
 
Due to the narrow gap between the brise-soleil 

structure and the roof, the rotation of the 
servomotor arm and, thus, of the slats is limited to 
about 50o up and down, respectively. Therefore, the 
system cannot provide adequate shading when the 
the solar angle is too low.  

 
2.4 Shading system functionality criteria 
The satisfactory operation of the system for 

either shading or allowing sunlight is meant to 
ensure the maintenance of indoor operative 
temperature (To) within the thermal comfort zone 
and with adequate illuminance levels. 

 
 

 
2.4.1 Operative Temperature: 
According to ANSI/ASHRAE Standard 55 [4], 

office activities with a metabolic rate of 1.0 and 1.2 
met (writing, filing, seated), not exposed to direct 
sunlight, and for a maximum air velocity of 0.10 
m/s, the Operative Temperature (To) can be 
obtained with equation 5. 

 
To = (Ta + Tmr)   (5) 
             2 
 
where To = Operative Temperature (oC); 
 Ta = indoor temperature (oC); 
 Tmr = indoor mean radiant temperature 

(oC). 
 
The parameter used here for promoting shading 

or allowing solar radiation is given by operative 
temperature thresholds for 80% thermal 
acceptability. 

 
2.4.2 Illuminance level: 
The illuminance levels required for an office 

area are usually defined by the office activity. We 
considered the Useful Daylight Illuminance (UDI) [5] 
as the relevant metric for controlling the amount of 
daylight within the range 100 to 2000 lx. The real-
time sensor employed allows indoor illuminance 
control even on cloudy days. 

 
2.4.3 Responsive rules 
The responsive behavior of the system starts 

with the calculation of the operative temperature 
from sensor readings (from air temperature (S3), 
globe temperature readings (S2), assuming a low 
airspeed of 0.03 m/s). If To is below the comfort 
zone (Tn – 3.5oC), the system operates under 
Condition 1. As solar heat gain is desirable, this 
condition allows the choice of one of the three 
possible shading patterns (0%, 50%, and 100%) 
according to illuminance levels (S1). If the operative 
temperature is within the comfort zone (Tn - 3.5oC ≤ 
To < Tn + 3.5oC), Condition 2 is activated. As no solar 
heat gain is required, the quantity of direct solar 
radiation corresponds to a shading profile of either 
50% or 100%. If the operative temperature is above 
the comfort zone (To ≥ Tn + 3,5oC), Condition 3 
applies. When the indoor operative temperature is 
above the limit, no direct sunlight is permitted, so 
the system operates to keep a 100% shading level. 
If even with 100% shading the illuminance level is 
still above the upper UDI threshold (2000lx), the 
brise-slats rotates to the maximum angle (50o) to 
reduce the amount of diffuse solar radiation. 

The microprocessor runs the programming code 
every 10 minutes updating all variables involved: 

 

calculated solar angle (based on Pysolar script [8]), 
measured indoor temperature (S3), globe 
temperature (S2), outdoor temperature (S4), and 
indoor illuminance (S1), calculated mean radiant 
temperature, operative temperature, and rotation 
slat angles. The neutral temperature is updated 
daily based on data from 21 days prior to the 
current day (S4). 

 
2.5 Fabrication process 
The brise-soleil is made of wood sheets 6 mm 

thick, with the core made of foamboard. To reduce 
the total weight of the brise, the final brise slat is 
made of foamboard. The rotation elements were 
designed with Sketch-up software and printed in a 
Low Force StereolithographyTM (LFS) 3D printer. The 
rotation movement is controlled by a rotation arm 
attached to a servomotor. The brise slats are 
connected to each other and on the rotation arm by 
steel cables (Fig. 4). 

 
Figure 4: 
Brise soleil 

 
2.6 Sensors distribution 
As the 50% shading produces a striped pattern, 

the location of the illuminance sensor (S1) in terms 
of height corresponds to 60 cm from the floor to 
avoid direct sunlight, as, even when a partly shaded 
condition is reached (50%), the sensor could show 
illuminance levels as if it were not shaded. The 
globe (S2) and the indoor temperature sensor (S3) 
are located next to S1 at 60 cm from the floor. The 
outdoor temperature sensor (S4) is protected by a 
3D printed solar shield (Fig. 5). 

 
Figure 5:  
Sensor locations 

 

2.7 Responsive system 
A low-cost microprocessor controls the 

responsive system. Python programming language 
allows the management of four sensors and one 
servomotor. It is possible to access real-time data 
using an online datasheet. In this work, we used a 
Raspberry Pi 3 microcomputer and three DS18B20 
type temperature sensors (S2, S3, S4), an Adafruit 
TSL2591 High Dynamic Range Digital Light Sensor 
(S1), and a high-torque metal gear servomotor 
manufactured by ZOSKAY. 

 
3. RESULTS 

To evaluate the functionality of the responsive 
brise-soleil, the data analysis includes 3 sets of 3-
day measurements. As we didn’t have a control test 
cell available, data were collected in distinct periods 
though not much apart from each other. As the 
illuminance parameter refers to daylight periods, 
we focused on the daytime period between 09:00 
and 18:00. 

 
3.1 No shading device 
Data collected from this series with no shading 

device refer to 10-12 February 2022. Fig. 6 shows 
indoor illuminance (E, in lx) in blue and both lower 
and upper E thresholds based on the UDI concept, 
in red and green lines, respectively. 

 
Figure 6: 
Indoor Illuminance – no brise-soleil 

 
 
During the three days of measurement indoor 

illuminanced enormously exceeded the upper 
threshold of 2000 lx in the morning from 10:00 until 
16:00. To prevent this amount of illuminance in a 
real building, the use of internal shading might be 
needed, which would yet block the view to the 
outside. Results indicate the strong need for 
controlling excessive daylight. 

As for the indoor temperatures with respect to 
the comfort zone, Fig. 7 presents lower and upper 
temperature thresholds, in red and green lines, 
respectively, and the operative temperature in blue 
against the outdoor temperature in gray. 
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Figure 7: 
Temperature – no brise-soleil 

 
 
The operative temperature exceeds the upper 

limit from 10:00 to 18:00 reaching over 50oC. This 
reinforces the need for shading and/or cooling the 
indoor space. A noticeable overheating effect is 
noticed with indoor operative temperatures 
reaching over 50°C against an ambient temperature 
of 35oC outdoors. 

 
3.2 Static brise soleil 
This series of data refers to 3-5 February 2022. 

Fig. 8 shows illuminance data for that period. 
 
Figure 8: 
Indoor Illuminance – static brise-soleil 

 
 
Despite being shaded by a regular brise-soleil 

(static mode, with no slats rotation) indoor 
illuminance exceeds the upper threshold of 2000 lx 
from 12:00 to 16:00. The maximum level is reached 
in the afternoon at 15:00, with around 4000 lx. 
Again, there is a need for an internal shading device 
that would, additionally to the brise-soleil, reduce 
potential occupant discomfort caused by excessive 
illuminance and glare. 

Indoor temperatures exceed the comfort limit 
(To ≥ Tn + 3,5oC) during the afternoon, from 13:00 to 
17:00, also as a function of the outdoor 
temperature (Fig. 9). During this set of 
measurements, even with Tout in most cases within 
the comfort range, indoor indoor operative 

temperature exceeded the upper threshold up to 8 
degrees (day 3).  

 
Figure 9: 
Temperature – static brise-soleil 

 
 

As the brise-soleil was designed to allow direct 
solar radiation during morning periods in winter, 
the comfort zone is reached in the morning period, 
around 11:00.  

 
3.3 Responsive brise-soleil 
The final series of measurements corresponds to 

the responsive brise-soleil, for the time frame 9-11 
March 2022. Fig. 10 presents the illuminance 
control resulting from the system’s behavior. 

 
Figure 10: 
Indoor Illuminance – responsive brise-soleil 

 
 
The responsive behavior of the brise-soleil 

successfully controlled the amount of illuminance 
gained through direct and diffuse solar radiation. 
The illuminance level remained within the desired 
range according to UDI, from 100 to 2000 lx. The 
instability of measurements from 13:00 is explained 
by the alternance of Conditions 1 to 2 (see section 
with responsive rules). When the operative 
temperature reaches or surpass the comfort zone 
limit it increases the shading percentual, from 50% 
to 100%. As soon as the To drops, the shading 
pattern allows more direct sunlight, increasing 
daylight illuminance level. The reduction of indoor 
illuminance on the third day of measurements can 

 

be explained by the partly clouded sky on that 
particular day. 

For the temperature analysis, Fig. 11 presents 
the distribution of operative temperature, neutral 
temperature thresholds, and outdoor temperature. 

 
 
Figure 11: 
Temperature – responsive brise-soleil 

 
 
During the first two days, the operative 

temperature remained under control, slightly 
exceeding the upper threshold (Tn + 3,5oC). Even 
when the Tout was above the comfort zone, the 
responsive system satisfactorily controlled the 
amount of solar heat gains (day 3). To avoid the 
surpassing of the comfort zone indoors, the 
reduction of the Tn thresholds from 3.5oC to 2.5oC 
might keep the To most of the time within 90% of 
thermal acceptability. 

 
4. CONCLUSION 

This prototype proves that a responsive brise-
soleil can improve both the illuminance and thermal 
performance of the built environment being able to 
reduce energy demand for illumination and air 
conditioning. Besides this, responsive shading 
systems with flexible possibilities of providing shade 
throughout the year can be more efficient in 
locations with sudden weather changes than static 
shading systems. 

Regarding the fabrication of the responsive 
brise-soleil we would like to highlight that:  
• low-cost sensors were used for gathering and 

operating the system from measured 
environmental variables; 

• production, customization, function, and 
resistance requirements were accomplished 
by means of 3D printing process; 

• control of solar heat gains and illuminance 
levels indoors was possible by the 
autonomous and responsive control system; 

• an improvement of indoor thermal and 
luminous performance was verified in the test 
cell at a prototype stage. 

 
Further developments of this research will 

comprise other seasons and orientations. In 
addition, we intend to test different colours of the 
slats and check their interference in indoor 
illuminance. In the same way, it is possible to 
alternate the shape of the brise-soleil slats in order 
to reflect more sunlight to the ceiling improving 
both temperature and illuminance. 
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ABSTRACT: This study aimed to propose climate zones for Mozambique using multivariate statistical techniques, 
in addition to establishing the most appropriate thermal conditioning strategies for each zone. Principal 
component analysis (PCA) was used to select the most relevant variables. From this selection, the hierarchical 
clustering analysis (HCA) was used to define spatially homogeneous climatic zones considering Ward's method 
as a hierarchical agglomerative technique and the Euclidean distance as a measure of similarity. For each 
established zone, the most suitable constructive strategies for thermal conditioning were defined. The PCA 
enabled the reduction of the initial database from 104 to 47 variables, among which the climatic and bioclimatic 
variables related to temperature and vapor pressure stand out. From the HCA, three climatic zones were defined 
for the Mozambican territory. For all zones, there was a high demand for constructive conditioning strategies, 
among which the adoption of daytime ventilation and thermal inertia with solar heating demonstrate greater 
potential for increasing the annual hours of comfort. The proposed zoning has great application potential for 
construction planning more adapted to the climatic aspects of Mozambique, contributing to increasing the 
energy efficiency of buildings in that country. 
KEYWORDS: Energy efficiency, Dwellings, Climate, Constructive strategies. 
 
 

1. INTRODUCTION  
Climate zoning is an important tool that makes it 

possible to identify and mitigate adverse climate 
impacts on buildings and define basic requirements 
for construction in different zones [1-2] in addition to 
providing the rational use of climate resources [3]. 

Different climate zoning methods have been 
adopted by different countries. Among these 
methods, multivariate statistical techniques such as 
principal component analysis (PCA) and cluster 
analysis are widely used for climate data processing 
[4-6]. While clustering is used for the spatial 
definition of zones [5–7], PCA is used for data pre-
processing to reduce the number of variables from 
the identification of the most relevant ones [4]. 

In addition to the definition of zones, the 
identification of thermal conditioning strategies for 
buildings can provide an increase in thermal 
comfort conditions. In this context, Mozambique is 
a country with limited availability of climate data [8] 
and does not have climatic zoning for buildings, 
evidencing a gap in the building performance field. 
Based on the definition of these zones, it becomes 
possible to identify the basic requirements for 
construction in this country, which can help 
enhance the energy efficiency of buildings. 

This study aimed to propose climatic zones for 
buildings and to identify the most suitable 
constructive thermal conditioning strategies for 
Mozambique.  
 

2. MATERIALS AND METHODS 
 
2.1 Study area 

Mozambique is located in southeast Africa (Fig. 
1a) and has a territorial area of 801,590 km², with 
altitudes ranging from 4 to 1471 m. According to 
the Köppen-Geiger climatic classification [9], the 
country has seven distinct climates, varying 
between tropical, subtropical, and semiarid 
climates (Fig. 1b). 

In agreement with the characterization of 
residential buildings presented in UN-Habitat's  
Housing Profile Report [10], 93.9% of Mozambique’s 
population resides in their own dwellings, that is, 
they are not rented. In addition, most of these 
buildings were self-built, which is not specific to the 
country's rural regions but for the whole country. 

Regarding the types of dwellings, three different 
models are observed (Fig.2). The northern region 
comprises the provinces of Niassa, Cabo Delgado, 
and Nampula, where quadrangular and rectangular 
constructions with internal partitions and more 
than one exit to the external area are characterized, 
in addition to the use of typical construction 
materials of the region, such as adobe and bamboo. 
In the center of the country are the provinces of 
Zambezia, Tete, Manica, and Sofala, which have the 
same building format as the northern region, 
however, these residences do not have well-defined 
internal divisions. Finally, in the regions declared as 
urban, formed by Gaza, Inhambane, and Maputo, 

 

the typologies are quadrangular and rectangular as 
in other regions, however, they present many 
internal divisions, in addition to the use of 
constructive materials more familiar to the 
constructions of the 20th century, such as fiber 
cement sheets, soil-cement block, and others [10]. 

 
Figure 1: (a) Location of Mozambique and (b) its climatic 
classification of Köppen-Geiger [9]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2:  Typical dwellings of the (a) northern region, 
(b) central region, and (c) urban areas in Mozambique [10]. 

 
 
 
2.2 Definition of the climatic zones 

Data from 104 variables in pixel format, 
obtained from the WorldClim 2 Data Portal 
database [11], was the adopted source to define the 
climatic zones. This database includes climatic 
variables (e.g., monthly average, maximum and 
minimum temperatures) and variables called 
bioclimatic (e.g., thermal amplitude, annual 
precipitation), in addition to altitude values. In total, 
9682 pixels covered the whole country area (Fig. 3).  

Principal component analysis (PCA) was the 
adopted method for the selection of the variables 
of most practical relevance in defining the zones. 
PCA is a statistical procedure used to extract 
relevant information from a multivariate dataset 
from the conversion of correlated variables into 
linearly uncorrelated variables, called principal 
components (PCs).  

In the present study, we considered that the 
number of PCs to be used should explain at least 
90% of the total variance of the data. Furthermore, 
as a criterion for the selection of variables, only 
those that presented a correlation (positive or 
negative) equal to, or greater than, 0.80 were 
suitable for selection. 

From the climatic variables selected by the PCA, 
the pixels were grouped based on the hierarchical 
clustering analysis (HCA) to define the climatic 
zones. In addition to these variables, the central 
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latitudes and longitudes of each pixel were included 
in the analysis. Ward's method [12] was used as a 
hierarchical agglomerative technique. As a measure 
of proximity, the Euclidean distance was used [7]. 

These procedures were performed using the R 
software, version 4.0.2 [13]. A voting scheme with 23 
different indices identified the ideal number of 
climatic zones (clusters) through NbClust package 
[13], also in the R environment. 

 
Figure 3: Spatial distribution of the WorldClim 2 data 
pixels and the TMYx data used for Mozambique.  

 
 
  
 
3. RESULTS AND DISCUSSION 
 
3.1 Definition of the climatic zones 

The PCA technique allowed the reduction of the 
dimensionality of the initial database and the 
definition of the variables of greater influence on 

the proposed climate zoning for Mozambique. 
Based on the defined number of main components 
selection criteria, only the first six main components 
were selected for the analysis of variables, totaling 
91.50% of the variance (Fig. 4). 

 
Figure 4: Percentage of explained variance and 
accumulated variance for the first ten principal 
components (PCs). 

 
 
Although the first six principal components were 

considered for the choice of the most important 
variables, it was noticed that correlation values 
considered significant (≥|0.8|) occurred only in the 
first two PCs. From the total set of 104 variables, we 
found that 41 showed a significant correlation with 
PC1, while 6 variables were significant for PC2. Fig. 
5 shows the correlation values between the two 
most relevant principal components, PC1 and PC2, 
and the 104 variables analyzed. In this figure, the 
variables located adjacent to the circumference 
delimitation have a positive or negative correlation 
close to unity and present a greater correlation with 
each other when contiguous to each other. 

Therefore, PCA allowed the reduction of the 
dimensionality of the initial database from 104 to 
47 variables. Among these, there is the relevance of 
mean, maximum, and minimum temperatures for 
most months, in addition to bioclimatic variables 
also related to temperature, confirming the 
importance of this variable. Furthermore, the 
variable vapor pressure was also important, since all 
months were selected.  

From the use of these variables, HCA enabled 
the grouping of pixels in order to define climatically 
homogeneous zones. Based on the voting scheme 
regarding the use of 23 indices (Fig. 6), it was found 
that the ideal number of climate zones for 
Mozambique is three. 

 
 

 

Figure 5: Biplot graph of the correlation values between 
the principal components 1 and 2 and the 104 variables 
analyzed. 

Note: Tmean: monthly mean temperature (1, 2, 3 .... 12 = 
January, February, March, .... December), Tmin: monthly 
minimum temperature, Tmax: monthly maximum 
temperature, Prec: monthly rainfall precipitation, Srad: 
monthly solar radiation, Wind: monthly wind speed, Vapr: 
monthly water vapor pressure. 

 
Figure 6: Ideal number of clusters suggested by the 23 
indices used. 

 
 
As presented in Fig. 7a, Zone 1 is the largest 

defined zone, occupying about 45% of the total 
country area, and it is located on the coast, with 
high temperatures (Fig. 7b). On the other hand, 
Zones 2 and 3 are smaller, with areas of 28.3 and 
26.7%, respectively. The reader must notice that 
Zone 2 has the highest altitudes (maximum of 1471 
meters) [11] and, consequently, the lowest 
temperatures when compared to other zones. 

 

Figure 7: (a) Spatial distribution of the climate zones 
defined for Mozambique and (b) histogram of the mean 
annual temperature values for each zone. 

 
 
3.2 Definition of the constructive strategies 

There was a high demand for thermal 
conditioning strategies in all climatic zones defined 
for Mozambique. The three established zones 
demanded the daytime natural ventilation strategy, 
with emphasis on Zones 1 and 3, required in 39.0 
and 26.0% of the annual hours, respectively (Fig. 8). 
As explained by Aflaki et al. [16] and Zheng et al. [17], 
the use of natural ventilation consists of a passive 
strategy that relies on pressure differences to move 
air through buildings (convective cooling), which 
promotes the renewal of indoor air. Aflaki et al. [16] 
and Chen et al. [18] also highlight that natural 
ventilation has great potential for reducing the 
energy required for cooling building components, 
with a lower operating cost when compared to the 
use of mechanical ventilation Zheng et al. [17]. 
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  Zone 2 presented a demand for the thermal 
inertia strategy with solar heating expressively 
higher than the others, required in 28.9% of the 
annual hours. According to Nikolić et al. [19], thermal 
inertia with solar heating consists of the use of 
constructive components that retain the heat 
absorbed, slowly releasing it to the interior of the 
environment when the internal temperatures 
become lower than the external ones. The fact that 
this zone presents the greatest demands for the 
strategy of thermal insulation with solar heating 
corroborates the need for heating. 

 
Figure 8: Percentual of annual hours of thermal comfort 
occurrence and demands for thermal conditioning 
strategies for each zone.  

 
 
Demands for artificial cooling (air conditioning) 

and artificial heating (with thermal insulation) 
showed low annual percentages for all zones (<2% 
of annual hours). As shown by Kashyap et al. [20], the 
use of passive strategies has an advantage over 
artificial ones since they do not require the use of 
electricity.  

In addition to the aforementioned strategies, 
shading is recommended for all established zones 
once the dry bulb temperature values are higher 
than 20°C [21]. 

 
4. CONCLUSION 

PCA and HCA multivariate statistical techniques 
enabled the definition of three zones with distinct 
climatic characteristics and constructive 
particularities in Mozambique. For all zones, there 
was a high demand for constructive conditioning 
strategies. Daytime ventilation and thermal inertia 
with solar heating had the greatest potential for 
increasing the annual hours of comfort. The 
proposed zoning has great application potential for 
construction planning more adapted to the climatic 
aspects of Mozambique, contributing to the 
enhancement of energy efficiency building 
measures in this country. 
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Influence of urban morphology on thermal gain 
Brazilian Context  
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ABSTRACT: The shape of cities can influence the thermal gain generated by radiation, which can be positive or 
negative. In Brazil, which has a predominantly tropical climate, this gain tends to be avoided. This research aims 
to evaluate the influence of urban form on the solar thermal gain for the cities of Cuiabá and Florianópolis. The 
method is divided into the definition of urban scenarios, simulation in EnergyPlus, and analysis of thermal loads 
for cooling. The results show that when comparing the cities, the thermal load needed to achieve comfort in 
Cuiabá is much higher, being more than double. The best scenario for the surroundings is C, where the shadow 
projection is more expressive and influences the central model being evaluated more. This change ranged from 
3% to 10% in the decrease in the thermal load gained by the building. The more significant the radiation that the 
city is exposed to, the greater the influence of shading and, consequently, the thermal load that the city is 
subject to. This is the first step in an optimization process for the use of solar energy according to urban 
morphology in Brazilian cities. 
KEYWORDS: Urban Design, Cooling thermal load, Solar Energy 
 
 

1. INTRODUCTION  
Among academics and practitioners working in 

urban planning and design, there has been an 
ongoing discussion about the relationships between 
urban morphology and environmental 
sustainability. From a sustainable urban 
development perspective, built morphology has 
played a central role in determining overall energy 
consumption in cities. [1]  

Currently, 75% of global energy consumption 
takes place in cities. On climate change, adapting 
urban settlements to meet this growing demand is 
a priority issue, especially for fast-growing cities in 
developing countries like Brazil. Planning the urban 
morphology of the built environment is a crucial 
issue for moving to a climate-adapted urban 
environment [2]. 

Holmes e Hacker [3] showed that the current 
challenge for construction professionals is to design 
low-consumption buildings while still providing 
environmental comfort. These buildings rely on 
passive strategies, thus reducing the demand for 
cooling, lighting, heating, and equipment, 
consequently reducing consumption and achieving 
thermal comfort inside the buildings suitable for the 
occupants [4, 5]. 

The shape of cities and neighborhoods can 
influence energy efficiency. The thermal gain 
generated by radiation can be positive or negative, 
depending on the climate. Although many efforts 
have recently been made to promote energy 

efficiency in the built environment, they are mainly 
applied to individual building units. However, few 
studies have attempted to quantify the effect of 
urban density and layouts on building energy 
consumption. [6]. 

A set of factors is considered to assess the 
influence of urban morphology in terms of the 
radiation balance (incoming solar radiation, 
outgoing thermal radiation, and daylight level) as 
renewable sources of energy, heat, and light on 
building surfaces. representative about geometry 
and orientation [2]. 

In the case of Brazil, which has a predominantly 
tropical climate, this gain tends to be avoided in 
warmer places. In tropical climates, the solar 
resource offers enormous potential for different 
applications. In addition to daylight indoors, solar 
energy can be converted to local thermal and 
electrical energy production. However, in these 
sunny regions, solar heat gains from the building 
envelope can also produce highly undesirable 
thermal comfort conditions for users, consequently 
increasing the demand for electricity for cooling the 
environment [6]. 

Thus, this research aims to evaluate the 
influence of urban form on the thermal solar gain of 
a building in Brazil. 
 

 

2. METHODOLY 
The method is divided into the definition of 

urban scenarios (blocks), simulation and analysis of 
the results. According to the Figure 1. 

 
Figure 1:  

Research Flowchart  

 
 

2.1 Definition of urban scenarios 
 
The survey contains nine different scenarios. 

Three models were defined for the evaluations. The 
first is square and has the dimensions of 3x3x3 
(Model 1 for the evaluation and A for the 
surroundings); the second is twice the size on the x-
axis (Model 2 for the assessment and B for the 
surroundings), and the third is twice the size on the 
y-axis (Model 3 for the assessment and C for the 
surroundings). The central building is what is 
evaluated, and the surroundings undergo variation 
(Table 1).  

The models were defined according to the most 
familiar buildings in the two cities presented below, 
and the master plans considered the building in 
isolation. There is a variation in the heights of the 
buildings in the same block. As this is an initial 
study, this variation was simplified. 

The cities defined are Cuiabá and Florianopolis. 
Cuiabá has a warmer climate (savannah) with an 
average annual temperature of 26.3ºC, and 

Florianopolis has a milder climate (subtropical) and 
an average annual temperature of 20.8ºC. 

 
Table 1:  
Dimensions of the analyzed scenarios 
ID Module (m) Surroundings  (m)  

1A 3x3x3 3x3x3 
 

1B 3x3x3 3x3x6 
 

1C 3x3x3 3x6x3 
 

2A 3x6x3 3x6x3 
 

2B 3x6x3 3x3x3 
 

2C 3x6x3 3x3x6 
 

3A 3x3x6 3x3x6 
 

3B 3x3x6 3x3x3 
 

3C 3x3x6 3x6x3 
 

 
2.2 Simulation  

The simulation was performed in the EnergyPlus 
software. EnergyPlus is software that has already 
been validated in previous research [7, 8]. The 
building considered is a commercial building, and 
the inputs for occupation, lighting, equipment, and 
air conditioning set point were added following the 
Brazilian energy efficiency normative instruction [9]. 
The power density of lighting and equipment is 
14.1W/m² and 15W/m². The occupancy density is 
10m²/person, 10 hours, and 260 occupancy days. 
The modules were considered in the naturally 
ventilated condition and with the windows open 
according to the occupancy schedule. 

The Inmetro Normative Instruction for the 
Energy Efficiency Classification of Commercial, 
Service, and Public Buildings (INI-C) [9] was taken to 
insert the constructive characteristics and pattern 
of use of the module under analysis. Thus, he 
considered the module as an office building, with 
internal and external mortar walls (2.5cm), ceramic 
brick (9cm) and fiber cement tile roof (1cm), attic 
with resistance >5cm, and solid concrete slab 
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(10cm) as lining. The walls and roof have an 
absorbance of 0.5 and 0.8, respectively. The 
openings were considered the width and length of 
the module, with a sill and height of 1.0m. The 
single colorless glass of 6mm was used, with a solar 
factor of 0.82 and transmittance of 5.7W/m².K. 

The consumption value analyzed considers the 
thermal load necessary for cooling the hours of 
operation with a temperature above 24ºC. Heating 
is not considered in the city of Florianopolis 
because it was null. 

 
3. RESULTS 

 
The thermal load was calculated considering the 

thermal load per cubic meter for comparison to be 
made. Figure 2 shows the annual results for Cuiabá, 
and Figure 3 shows the results for Florianopolis. At 
first, when comparing the cities with each other, it 
is noticed how the thermal load needed to achieve 
comfort in Cuiabá is much greater, being more than 
double. The models showed the same behavior in 
both cities when analyzing the annual scenario. 

 
Figure 2:  

Annual thermal load of the city of Cuiabá 

 
 
It is noted that the building format that had the 

most gain in thermal load was model 1, regardless 
of the surroundings. The same goes for model 3, 
which had better performance in all environments 
considered. The best environment independent of 
the scenario is C, where the shadow projection is 
more expressive and influences the central model 
being evaluated more. This change varied from 3% 
to 10% in the decrease in the thermal load gained 
by the building. 

 
 
 
 
 
 

Figure 3:  
Annual thermal load of the city of Florianopolis 

 
 
The monthly analysis shows how the impact of 

the thermal load, directly linked to radiation, should 
pay more attention to the hottest regions. The city 
of Cuiabá has a significant savings potential in 
absolute numbers, and this difference can be seen 
in months such as August, September, and October 
(Figure 4), where the thermal load reaches 27% 
when comparing the same surroundings and 
different models. When we compare the same 
model and different scenarios, this economy tends 
to remain constant throughout the year, being 
around 6%. (Figure 5) 

 
Figure 4:  

Thermal load of August, September and October of 
the city of Cuiabá 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5:  
Monthly thermal load of the city of Cuiabá 

 
 

The city of Florianopolis has a climate with four 
well-defined seasons. This means a very different 
behavior from what was seen before (Figure 6). The 
most significant difference between the scenarios in 
January, February, and March, reaching 33% more 
load when comparing different models. The 
comparison between scenarios has a load of up to 
12% difference (Figure 7). In June, July, and August, 
the load is small in absolute numbers, and therefore 
the percentage difference is more significant, 
reaching almost 50% in the comparison between 
the models and between the scenarios (Figure 8). 
This is because as the climate is predominantly cold, 
exposure to solar radiation has a more significant 
influence in these months. 

 
Figure 6:  

Monthly thermal load of the city of Florianópolis  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7:  
Thermal load of January, February and March of the 

city of Florianopolis  

 
 

Figure 8:  
Thermal load of June, July and August of the city of 

Florianopolis  

 
 

4. CONCLUSION 
Considering urban morphology is complex when 

thought of in architectural terms. However, with 
this research, it is possible to demonstrate how the 
surroundings considerably influence the thermal 
load gained by the building. Simulating buildings in 
isolation can generate a significant error when 
measures reduce consumption, especially if these 
measures are less than 10% of the difference. 

This paper brings simplified scenarios for cities 
with different climates, a factor that should also be 
considered. The greater the radiation that the city is 
exposed to, the greater the influence of shading 
and, consequently, the thermal load that the city is 
subjected to. 

This is the first step of an optimization process 
for the use of solar energy according to urban 
morphology in Brazilian cities. 
 
REFERENCES  
1.SARRALDE, J. J. et al. Solar energy and urban 
morphology: Scenarios for increasing the renewable 
energy potential of neighbourhoods in London. 
Renewable Energy, v. 73, p. 10–17, 2015. 



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

958 959

 

2. MARTINS, T. A. DE L. et al. Sensitivity analysis of urban 
morphology factors regarding solar energy potential of 
buildings in a Brazilian tropical context. Solar Energy, v. 
137, p. 11–24, 2016. 
3. HOLMES, M. J.; HACKER, J. N. Climate change, thermal 
comfort and energy: Meeting the design challenges of the 
21st century. Energy and Buildings, v. 39, n. 7, p. 802–
814, 2007. 
4. KAYNAKLI, O. A review of the economical and optimum 
thermal insulation thickness for building applications. 
Renewable and Sustainable Energy Reviews, v. 16, n. 1, p. 
415–425, 2012. 
5. RODRIGUEZ-UBINAS, E. et al. Energy efficiency 
evaluation of zero energy houses. Energy & Buildings, v. 
83, p. 23–35, 2014. 
6. MARTINS, A.L., ADOLPHE, T. & BASTOS, E.G. L. From 
solar constraints to urban design opportunities: 
Optimization of built form typologies in a Brazilian 
tropical city. Energy and Buildings, v. 76, p. 43–56, 2014. 
7. DOMINGOS, R. M. A., AND PEREIRA, F. O. R. 
Comparative cost-benefit analysis of the energy efficiency 
measures and photovoltaic generation in houses of social 
interest in Brazil. Energy and Buildings, 243, 2021. 
8. GUARDA, E.L.A. DE; et al. The influence of climate 
change on renewable energy systems designed to achieve 
zero energy buildings in the present: A case study in the 
Brazilian Savannah. Sustainable Cities and Society, v. 52, 
101843, 2020. 
9. BRASIL. Instituto Nacional de Metrologia, Qualidade e 
Tecnologia, Inmetro. Portaria n° 42, de 24 de fevereiro de 
2021. Instrução Normativa Inmetro para a Classificação 
de Eficiência Energética de Edificações Comerciais, de 
Serviços e Públicas (INI-C). Diário Oficial da União, Brasília 
- DF, 2021. 



W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

960 961

31TH PARALLEL SESSION / ONSITE

DAY 03
09:00 — 10:30

CHAIR
HECTOR ALTAMIRANO

PAPERS
1441 / 1280 / 1366 / 1646 / 1546

SUSTAINABLE ARCHITECTURAL DESIGN



SUSTAIN
ABLE ARCHITECTURAL DESIG

N

SUSTAIN
ABLE ARCHITECTURAL DESIG

N

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

962 963

PLEA SANTIAGO 2022 
Will Cities Survive? 

 

What interior temperatures can be expected in Irish nZEB 
dwellings?  

An analysis of recorded interior temperatures in a scheme of Irish nZEB 
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ABSTRACT: This paper reports on the recorded interior temperatures in a scheme of 12 houses built to the passive 
house standard, and which are compliant with the Irish newbuild near Zero Energy Buildings (nZEB) 
implementation  of the EU Energy Performance of Buildings Directive. The interior temperatures were found to be 
substantially higher than the assumptions inherent in the national energy rating software “DEAP”. In addition, the 
interior temperatures were consistently high over the 24 hour period i.e. they did not follow the pattern of heating 
assumed in the DEAP software of two hours in the morning and six hours in the evening. The paper quantifies the 
corresponding additional space heating related energy consumption and finds it to be in the order of 29%. The 
findings are in line with other Post Occupancy Evaluation (POE) studies of nZEB dwellings and has implications for 
the accuracy of the Building Energy Rating (BER) assigned to dwellings. 
KEYWORDS: nZEB, Passive House, Post Occupancy Analysis, POE, Dwelling Energy consumption 
 

1. INTRODUCTION  
The near Zero Energy Building Standard (nZEB) is 

required for all new dwellings constructed in the 
European Union from 1 January 2021 (EU, 2016a).  

The objective of the nZEB101 project (NZEB101, 
n.d.) is to uncover the key nZEB design, construction 
and operations lessons as the Republic of Ireland 
embarks on the construction of 550,000 of these 
low-energy buildings by 2040 (Anon, 2018). 

Previous papers on the indoor environmental 
quality (IEQ) of nZEB compliant deep energy retrofit 
dwellings occupied by retirees indicated prolonged 
high interior temperatures (Colclough et al., 2022) as 
did a small sample size of social housing dwellings 
built to the passive house (PH) standard and the 
nZEB standard (Colclough et al., 2018). 

This paper looks at the interior temperatures 
recorded across a homogeneous scheme of 12 three-
bedroom semi detached dwellings with a mixed-use 
profile. The aim is to determine if the temperature 
profiles previously identified for individual dwellings 
and deep energy retrofit dwellings occupied by 
retirees are experienced in a mixed-use 
development. By obtaining mean temperature 
profiles across the scheme of homogeneous 
dwellings, the influence of individual usage profiles 
is reduced and general conclusions can be drawn.  

The areas covered in this paper include analysis 
of: 

1. The recorded interior temperatures for the 
living room, main bedroom and kitchen.  

2. A comparison with the predicted values for 
interior temperatures inherent in the 
National energy rating software, DEAP (DEAP 
4.2.0 Software, n.d.). 

3. Interior living room and rest of dwelling 
temperatures including comparison with 
assumed heating set temperatures. 

4. Analysis of additional heating energy 
required to meet recorded temperatures 
compared with predicted temperatures. 

2. METHOD 
The nZEB101 project gathers data on indoor 

environmental quality (temperature, relative 
humidity, carbon dioxide concentrations) and the 
outdoor temperature and relative humidity at five-
minute intervals. In addition, energy consumption 
has been recorded at half hourly intervals. 

As part of the project, 12 PH dwellings have been 
monitored and are reported on here. An in-depth 
individual Post Occupancy Evaluation paper has 
previously reported on the occupant satisfaction, 
temperature profiles, carbon dioxide readings, 
energy consumption of three dwellings (Colclough et 
al., 2018). Previous findings included higher-than-

 

expected temperatures during the heating season, in 
addition to longer than expected diurnal and 
seasonal heating periods. 

This paper presents and analyses interior 
temperature data across the larger sample size of 
dwellings in order to gauge if the individual findings 
to date are replicated across the larger dataset, 
enabling conclusions from a more holistic 
perspective and the temperatures are compared 
with those inherent in the Dwelling Energy 
Assessment Procedure (DEAP) national energy rating 
software. 

The 102m2 three bedroomed two storey 
dwellings have an A2 BER and are certified passive 
houses.  

The development is a mix of social housing and 
privately owned dwellings. All 9 of the social housing 
dwellings are occupied by      families, with      two 
of the privately owned being owner occupied 
dwellings (single occupancy), with the remaining 
privately owned     unit rented to a family. 

The houses studied are newly constructed two-
storey timber framed semi-detached dwellings with 
triple glazed windows and Mechanical Ventilation 
with Heat Recovery (MVHR) systems and for which 
full details are available (Colclough et al., 2018).  

The exhaust air MVHR recovers heat from the 
expelled air, and also uses an integrated heat pump 
to provide Domestic Hot Water (DHW) and space 
heating (Nilan, n.d.). Auxiliary and instantaneous 
space heating  demand is met with two wall 
mounted 550 W electric radiators. The houses are 
almost identical in size and encompass a kitchen, 
living room and utility room on the ground floor and 
three-bedrooms (one en suite) and a bathroom on 
the first floor. 

Nine of the houses were monitored over a full 
year and good data integrity was achieved. In any 
cases where less than 50% of the data for the season 
was available, box plots were not produced - e.g. 
nZEB17 withdrew from the monitoring after a 
number of months, so box plots were only produced 
for the winter season, despite some data being 
available for two other seasons. 
 
3. RESULTS 
 
3.1 Overview 

The interior temperatures for all dwellings have 
been plotted using box plots which show not only the 
median and the mean readings obtained for each 
dwelling, but also provide information on the range 
of temperatures experienced. 

The Dwelling Energy Assessment Procedure 
(DEAP) software which produces the BER assumes 
that the heating system has a set temperature of 
21°C in the living room, and 18°C in all other rooms 

for two hours in the morning and six hours in the 
evening. This equates to an average heating system 
set temperature of 19.1°C for eight hours of the day 
for a typical dwelling, and a lower temperature for 
the remaining period given that the heating will be 
off and external temperatures will influence the heat 
loss from the building. The DEAP software calculates 
that mean temperatures will be 17.7°C (winter), 
17.8°C (spring), 18.3°C (summer) and 18.0°C 
(autumn).  

An investigation has been carried out into the 
recorded temperatures in the living room, kitchen 
and main bedroom in order to compare the actual 
temperatures with those expected by the DEAP 
software. 

Figures 1, 2 and 3 respectively show the available 
recorded temperatures for the dwellings for each of 
the four seasons for living room, bedroom and 
kitchen.  

In the diagrams below, the mean recorded 
seasonal temperatures across all dwellings for the 
living rooms, kitchens and bedrooms are presented 
in purple lines, and the DEAP-estimated mean 
dwelling seasonal temperatures are presented in 
red. 
3.2 Living room temperatures  

The mean of the recorded temperatures for each 
season are seen to be higher than the mean 
temperatures expected by the DEAP software by 
significant margins: 3.5°C (winter), 3.7°C (spring), 
4.3°C (summer) and 4.7°C (autumn). 

The living room in nZEB 14 is seen to have the 
highest temperatures, with average temperatures of 
24.4°C, 22.4°C 26.9°C and 31.5°C for winter through 
to autumn respectively. However, this is an outlier as 
the living room is used as a bedroom/computer 
room by the tenant’s son. 
 

Fig 1. Livingroom Temperatures per season 

 
 
For all but one of the dwellings (nZEB 1), figure 1 

shows that the living room temperatures 
experienced were above approximately 20°C for 75% 
of the time (apart for winter in nZEB 16 where the 
temperature was greater than 20°C for 50% of the 
time).  

 
3.3 Bedroom temperatures  
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The box plots for the bedroom exhibits similar 
temperatures per season (fig 2) to those seen in the 
living room. Given that the DEAP assumed setpoint 
for the heating system is 18°C outside of the living 
room, the mean temperature differential is 
significantly higher than for the living room, ranging 
from 3.1°C (autumn) to 4.8°C (spring). nZEB1 exhibits 
the lowest temperatures, due to the relatively low 
occupancy rate reported by the owner occupier, and 
a preference for cooler bedroom temperatures. 

 
Fig 2. Bedroom Temperatures per season 

 
 
The remainder of the bedrooms range in 

temperature from a low of 18°C (nZEB 17, Autumn) 
to a high of 28°C (nZEB 13, Spring). 

In the summer, the lowest mean temperature is 
22°C (NZEB 1), while the other mean temperatures 
range from 23°C ( nZEB14) to 25°C (nZEB7). This 
corresponds with the relatively high temperatures 
reported by the occupants. 
 
3.4 Kitchen temperatures  

The mean kitchen temperatures are similar to the 
living room temperatures but again, similar to the 
bedroom, show a significantly higher mean 
temperature differential Vs the DEAP profile given 
that the expected heating system set temperature is 
18°C (compared with 21°C for the living room). 

The majority of the individual dwelling      
temperatures range from 17°C to 26°C. Mean 
summer temperatures range from 22°C (NZEB 13), to 
24.6°C (nZEB18). 

nZEB 10 and 17 are seen to have a relatively low 
range of temperatures across seasons for all rooms, 
indicating that there is good temperature control 
and a consistent setpoint for the heating system. 

 
Fig 3. Kitchen Temperatures per season 
 

 
This is in contrast to the relatively large range 

experienced in NZEB 1 (due to varying occupancy) 
and the living room of nZEB 13 (due to the particular 
usage profile). It is noted that the temperature 
profiles of the remaining rooms are relatively stable 
across seasons for NZEB 14. 
 
4. INTERIOR TEMPERATURE PROFILES COMPARED 
WITH DEAP ASSUMPTIONS Overview 

Section 3 indicates that on average, interior 
temperatures are significantly higher than those 
expected in the DEAP software. This section looks at 
whether the interior temperatures follow the 
heating pattern assumed by the DEAP software. 

DEAP assumes that the living room is heated to 
21°C for two periods i.e. 7 AM to 9 AM and 5 PM to 
11 PM, and that the rest of the dwelling is heated to 
18°C for the same periods. Therefore analysis has 
been carried out for all dwellings for which data was 
available to determine temperatures: 

1. For the two daily heating periods. 
2. Outside of the daily heating periods.  
It was found that the temperatures were 

significantly different from those assumed by the 
DEAP software during the heating periods, and that 
the temperatures remained high outside of the 
heating period. This is a significant finding given that 
the divergence could have significant impact on the 
actual energy consumption of the dwelling 
compared with that predicted. 

See Figs 4, 5 and 6. The red lines between 5 PM 
and 11 PM and between 7 AM and 9 AM indicate the 
expected heating set temperatures (i.e. 21°C in the 
living room, and 18°C in the bedroom). For the 
periods 9 AM to 5 PM and 11 PM to 7 AM, the 
heating is assumed not to be operational, with the 
interior temperatures expected to decline over 
those periods. 

The box plots give the range of temperatures for 
each dwelling for the living room (Fig 4), bedroom 
(Fig 5) and kitchen (Fig 6) over the winter period 
(December 2019 to February 2020) for each of the 
four time periods (two heating periods, and two non-
heating periods). It is noted that the period for the 
analysis predates the Covid pandemic restrictions  
(“Coronavirus,” 2020). 
 

4.1 Livingroom 
The living room nZEB interior temperatures are 

higher than the 21°C expected by the energy rating 
software, for all of the properties apart from the 
living room of nZEB 11 and 18 (Fig 4). 

In some cases the temperatures are significantly 
higher than those expected – e.g. nZEB13, although 
this as previously stated is an outlier.  

Between 7 AM and 9 AM and between 5PM and 
11PM, the remaining three dwellings exceed the 

 

expected set temperature       at least 75% of the 
time.  

Outside of the heating periods, all the dwellings 
retain a similar temperature profile, indicating that 
the set temperature does not vary during the 24-
hour period. Again apart from nZEB 11 and 18 (which 
are seen to have the lowest temperature), the 
majority of the dwellings continue to exceed 21°C.  
Fig 4. Winter Living room temperatures 
 

 
 

4.2 Bedroom 
The temperatures experienced in the bedroom 

over the winter (fig 5) are similar to those 
experienced in the living room. Again the 
temperature profiles are stable, within individual 
properties. As can be seen all the dwellings 
experience mean temperatures during the heating 
periods which are significantly higher than that 
expected by the DEAP software. The software 
underestimates the mean heating setpoint by 
between 2.1°C (nZEB11) and 4.5°C (nZEB14), 
(excluding the outlier nZEB13). 
 
Fig 5. Winter Bedroom temperatures 

 
 
 

4.3 Kitchen 
 
Figure 6 shows that the temperatures again remain 
stable within the individual dwellings and that again 
the temperatures exceed the expected set 
temperature by significant margins ranging from 
2.1°C (nZEB1) to .56°C for nZEB14. It is noted that 
nZEB13 has mean temperatures within +/-0.5°C of 
the 18°C setpoint assumed by the DEAP software. 
 
 

Fig 6. Winter Kitchen temperatures 

 
 

 
5. ADDITIONAL ENERGY CONSUMPTION DUE TO 
ELEVATED INTERIOR TEMPERATURES 

The higher-than-expected temperatures can 
potentially have a significant impact on the energy 
consumption for the buildings, due to 2 factors – (i) 
the higher-than-expected temperatures during the 
heating period and also (ii) the consistently high 
temperatures during the hours (and months) when 
DEAP assumes no heating is taking place. In both 
respects the DEAP software underestimates the 
actual heating load by significant amounts. This 
section calculates the additional delivered space 
heat required (i.e. excluding consideration of 
internal heat gains, the coefficient of performance of 
the heat pump or the primary energy conversion 
factor). 

nZEB 7 is seen (fig 1) to have mean interior 
temperatures which have the greatest match with 
the mean of the mean interior temperatures across 
the four seasons during which heating takes place. It 
is noted that other dwellings e.g. nZEB10 would have 
higher heat losses, but even the dwelling with the 
lowest recorded internal temperatures (nZEB1) 
would experience higher space heating losses than 
those predicted by DEAP. 

A simple heat balance equation is used to 
estimate the additional delivered heat QAD’L that is 
required to maintain the higher internal 
temperatures to those assumed in the DEAP 
software (equation 1)  
 

QAD’L = L · ΔT · H    {kWh} (1) 
 
The mean temperature differential between the 

mean dwelling temperature assumed in DEAP and 
the mean recorded dwelling temperature is 
represented by ΔT {°C}, L is the (DEAP) heat loss 
coefficient {W/K}, H is the number of heating hours 
{hrs}. This calculation is computed for the heating 
months assumed in DEAP (i.e. excluding June, July 
August and September) and the results are 
presented in Table 1. Data is presented for each 
season of the year. 
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The increase in space heating energy 
consumption ranges from 20% (during the winter) to 
an additional 42% (during the two heating months in 
autumn). The additional heat losses amount to a 
total of 1427kWh delivered energy, and when 
expressed as a percentage of the total annual 
delivered energy (4980kWh), equate to 29% 
additional space heating load. 
 
Table 1 Expected (DEAP) and Measured 
Temperatures and resultant potential additional 
heat loss for      dwelling nZEB7 

 
 
The heat loss of the passive house dwelling is 

exceptionally low at 66 W/K - equivalent to a specific 
heat loss of 0.65W/(m2K). Therefore, in absolute 
terms the additional heat loss due to higher internal 
temperatures than the DEAP software assumptions 
are low.  

In addition, the percentage losses are lower than 
the additional 65% space heat loss reported over the 
same heating period for a scheme of nZEB compliant 
Deep Energy Retrofit dwellings in a previous paper 
from the nZEB101 project (Colclough et al., 2022). It 
is noted that the specific heat loss for the retrofit 
dwellings is 2.76 W/(m2K). This is over four times the 
heat loss of the new passive house dwellings in this 
study. 

Further analysis is required to determine the 
overall regulated load energy consumption and to 
compare it with the measured regulated load energy 
consumption. This would enable a comparison of the 
actual running costs for operational energy with the 
theoretical. Such an analysis would not only include 
the effects of the increased interior temperatures, 
but also include the actual heat loss (rather than the 
theoretical) and the actual coefficient of 
performance of the heat pump. 
 
6. DISCUSSION AND CONCLUSION 

The nZEB compliant PH dwellings demonstrate a 
significant disparity with the assumptions inherent in 
the National energy rating software. At the same 
time, it is clear that the buildings are performing in 
line with the requirements of the occupants as 
indicated by the high occupant satisfaction levels 
reported in individual Building Use Survey results.  

 The trend of prolonged high interior 
temperatures is consistent with other studies – the 
setpoint temperatures for the heating system 
embedded in the DEAP software are substantially 
lower than those recorded in the nZEB dwellings, and 
the recorded temperatures also indicate that the 
heating system is operating for substantially more 
than the eight hours assumed in the DEAP software. 

The DEAP software calculates that the 
temperature ranges from 17.7°C (winter) to 18.3°C 
(summer) for the dwellings under consideration. 

These temperatures are significantly below the 
temperatures experienced in the monitored rooms. 
The mean of the recorded heating season mean 
temperatures range from 20.8°C (bedroom in the 
autumn) to 22.8°C (living room in the autumn). 

Table 1 shows that the mean dwelling 
temperatures of a typical dwelling exceeds the DEAP 
predictions by 3.4°C (winter), 4.2°C (spring), 5.0°C 
(summer), and 3.6°C (autumn). 

Not only are average room temperatures  
significantly higher than DEAP expectations but they 
also do not vary by the assumed 3°C (21°C in the 
living room and 18 °C for the rest of the dwelling). 
Rather they exhibited temperature differentials of 
no more than 1.6°C (in the case of the temperature 
differential between the living room 22.9°C and the 
kitchen and bedroom (both 21.3°C) during the 
autumn.  

Dwelling temperatures do not exhibit 
synchronisation with the assumed heating periods 
and are much higher than the assumed set 
temperatures of 21°C for the living room and 18°C 
for the rest of dwelling.  

Given that the same trend has been seen in other 
monitored Irish nZEB compliant dwellings, this is 
emerging as an established pattern, although further 
POE would be valuable across more typologies and 
usage profiles. 

While higher temperatures are expected for 
category I occupants (including the elderly in the 
previous study), it does not explain the reason for 
the high temperatures experienced in the mixed-use 
development under study here. 

One potential factor which could influence the 
consistently high temperatures is     that these nZEB 
dwellings are constructed to the passive house 
standard – a standard known for its exceptionally 
low space heating demand. This could influence 
occupants’ behaviour given the low cost of high 
interior temperatures (consistent with other findings 
with respect to “comfort taking”). 

However, low heating demand is a key driver in 
the nZEB standard and the findings here may well 
indicate future trends which policymakers should be 
cognisant of. 

 

Due to the higher-than-expected interior 
temperatures, and longer than expected heating 
periods, space heating energy consumption is 29% 
higher than expected over the heating season. The 
higher temperatures result in additional heat losses 
during the winter of 20%, the spring of 33% and the 
of autumn 42% for the sample dwelling (nZEB7).  

The author has been engaged to investigate high 
energy consumption in other A rated developments, 
given occupant dissatisfaction with heating costs 
being substantially higher than expected. There is a 
concern that occupants may become distrusting of 
BER ratings, and that they disregard the primary 
objective of BER ratings being as an asset 
management tool, enabling a comparison between 
relative energy efficiency performance. 

A similar situation occurred in the transport 
sector, leading the EU to embrace the WLTP 
(Worldwide Harmonised Light vehicle Test 
Procedure) energy efficiency standards which more 
accurately reflect the performance under typical 
operating conditions rather than the previously 
laboratory-based operating conditions (New 
European Driving Cycle - NEDC) in existence in the 
1980s (From NEDC to WLTP, 2019). The stated 
reason for the replacement of the energy efficiency 
standards was that they had become outdated due 
to several evolutions in technology and operating 
conditions - conditions very similar to those 
experienced in dwellings over the same period.  

Such an approach could be adopted for modern 
buildings given the real-world usage profile of 
dwellings evident from the research undertaken to 
date. 

 Another finding is of high interior temperatures 
during the summer in the dwellings, leading to a 
concern of overheating. Despite the houses meeting 
the passive house overheating criteria of 
temperatures of 25°C or less for 10% of the year, 
further study will be carried out in this area. 

Overall, the findings have implications for 
national strategy in relation to energy consumption 
and related climate change commitments. 

They also have significant implications for 
individual households and highlights the need to 
educate occupants on how best to extract the best 
performance from the low-energy dwellings that 
they are now inhabiting.  

Finally, it also has implications for industry, and 
highlights the need for Post Occupancy Evaluation to 
be carried in addition to comparison of expected and 
recorded IEQ and energy consumption (in alignment 
with compliance with The Energy Performance of 
Buildings Directive).  
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ABSTRACT: Following almost five decades of the air-conditioning supremacy, in the 1990s the acknowledgement 
of the positive effects of more flexible and informal environments upon the productivity and satisfaction of 
occupants led to the design of buildings more opened to the outdoors. In this context, advanced analytical 
procedures are essential to the understanding of the complex energy balance of buildings and, consequently, of 
the architectural possibilities to reduce energy demand for space cooling and heating. With the ultimate 
objective of challenging the oversimplified design of the artificially conditioned glass office-building typology, 
this research project puts forward a Research Pro-Design Methodology including a sequence of analytical 
procedures for the evaluation of the environmental response of architectural solutions. The guidelines were 
applied on a Design Proposal of an office building in the continental Mediterranean climate of the city of 
Santiago, in Chile. Following the lessons learnt from the analytical studies, among the key design concepts was 
space and environmental diversity to accommodate contemporary office activities. The analytical studies at the 
pre-design concept stage proved to effectively inform the main architectural decisions, whilst the analytical 
assessment of the final design solution indicated that natural ventilation is office environments in Santiago is 
possible for over 85% of the occupational hours. 
KEYWORDS: Work-Environment, Daylight, Passive Architecture, Analytical Study, Design Methodology. 
 

1. INTRODUCTION  
The supremacy of the air-conditioned glass box that 

was instated in the 2nd half of the 20th century 
suppressed the evolution of the so-called bioclimatic 
architecture around the world. It was only in the 1990s 
that the acknowledgement of the positive effects of 
more flexible and informal environments upon the 
productivity and satisfaction of the occupants resulted 
to the re-introduction more natural conditions in the 
design of office buildings in key commercial centres of 
the world, leading to new design solutions for buildings 
more opened to the outdoor environment [3]. Some of 
these key features were: atriums and open spaces (such 
as terraces and balconies), external shading and 
operable windows, exposed structure and other 
building components (adding thermal inertia to the 
internal spaces). By creating bringing daylight and 
ventilation into the office buildings, together, these 
basic passive strategies created more attractive and 
energy efficient alternatives to the sealed glass-box 
office building [3].  

As widely discussed by specialists from the field of 
environmental design [9], advanced analytical 
procedures are essential to the understanding of the 

complex energy balance of buildings and, consequently, 
of the architectural possibilities to reduce cooling loads, 
taking into consideration form and orientation, thermal 
performance of the building fabric, openings for 
daylight and ventilation, shading and other aspects of 
the building design, coupled with occupational patterns 
and the understanding about challenges the potentials 
of the local climate.  

With the ultimate objective of challenging the 
oversimplified design of the glass building typology, this 
research project proposes a redefinition of the office 
environment, evolving from the concept of workspaces 
to work-environments and exploring the environmental 
potential of architectural design to achieve low-energy 
buildings with environmental quality. For this purpose, 
a Research Pro-Design Methodology was developed 
including a sequence of analytical procedures for the 
evaluation of the environmental response of 
architectural solutions (looking at performance and 
quality parameters). In a second moment of the work, 
the related guidelines were applied on an Design 
Proposal exercise of an office building in the 
continental Mediterranean climate of the city of 
Santigo, in Chile [7]. 

 

 

2. CLIMATE 
Santiago de Chile is in a valley between the Andes 

and other mountains (33°50´S; 70°70´W). The city is 120 
km far from the Pacific Ocean and has a Continental 
Mediterranean climate (Csb), according to the Köppen–
Geiger climate classification [5]. The mean daily air 
temperature (MDT) fluctuates from 8.4°C to 21°C, 
offering a clear potential to natural ventilation. The 
highest temperatures occur between December and 
February, and the coldest between June and August. 
The year can be divided in three clear seasons: Warm - 
with MDT between 17.4 and 21°C (November to 
March), when the mean daily maximum temperature 
rises to 33.5°C; Mild - with MDT of 14.5°C (April and 
October); and Cold - with MDT between 8.4 and 11.7°C 
(May to September) (Fig.1).  

In general, the coldest hours are between 6:00 and 
7:00 hrs and the warmest between 14:00 and 16:00 hrs. 
Overlapping the climate data with the occupational 
hours of a typical office building, a need of heating was 
identified for 54.5% of the time, versus almost 33% of 
hours in comfort and only 12.8% of hours above the 
comfort zone (ASHRAE 55 [1]) (Fig.2). According to 
principles of environmental design [8], the hours in 
comfort could be maintained if shading and ventilation 
are provided to avoid solar gains and remove excessive 
internal gains from the occupation. In addition, the 
internal gains from the typical office activities, coupled 
with minimum ventilation, can raise temperatures 
during the cooler hours, whilst shading, thermal mass 
and night-time ventilation, together, can be beneficial 
during the overheating period.  

 
Figure 1: Diurnal temperature averages - Santiago, Chile. 
Source: Meteonorm.  

 
Figure 2: Percentage of annual hours in comfort, of heating 
and cooling deficit, according to outdoor temperature (based 
on the adaptive comfort model of ASHARE 55 [1]).  

3. RESEARCH PRO-DESIGN METHODOLOGY 
The proposed Research Pro-Design Methodology 

included the critical examination of the impact of 
architectural parameters on daylight and thermal 
response of the building design by means of analytical 
procedures, looking at: form and orientation; size, 
design and positioning of openings; façade treatment 
and transitional spaces. Drawing from the 
understanding of the climatic conditions, a sequence of 
alternative scenarios (variations of a base-case named” 
shoe-box”) were tested in the phase of initial analytical 
explorations, by means of advanced computer 
simulations to inform a parametric optimization 
process. With regards to the thermal studies, a set of 
sensitive analysis of individual strategies were analysed 
and followed by the evaluation of combined strategies.  

 On a second moment, the impact of urban 
morphology was also verified within the analytical 
environmental studies of the research project on which 
this paper is based [7]. Three hypothetical urban 
scenarios were created following the main 
contemporary office´s development areas in Santiago, 
taking into account urban canyons and building 
regulations. Output of solar radiation upon the façade 
were extracted from the outputs of thermodynamic 
simulations, for different days of the year, along the 
height of the 4 orientations of the base-case model. The 
urban studies showed that in the north orientation (the 
most exposed to solar radiation), the variation of solar 
radiation along the height is higher in winter (maximum 
of 130 Wh/m2) than in summer and the difference 
between both periods is greater than in other 
orientations. During winter, urban contexts affect 
mainly up to level 14, whereas in the summer, the 
impact is minimum. Given the minimum impact of the 
urban form on the impinging solar radiation during the 
warm period of the year, further analytical explorations 
did not include the urban context, focusing mainly on 
the climatic conditions. The diagram in Figure 3 
summarises the research process towards the 
Analytical Design Concept. 

 
Figure 3: Diagram of the research process towards the 
Analytical Design Concept.  
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3.1. Analytical Explorations 
Daylight and Solar Exposure: 

Computer simulations of daylight and solar radiation 
were carried out with the software DIVA [6]. Starting 
the study of facades, the initial analytical explorations 
addressed the impact of different window wall ratios 
(WWR) on two aspects of buildings’ environmental 
performance: 1. Daylight conditions, by simulating 
Daylight Factors (DF) for a typical overcast sky condition 
in Santiago and; 2. Exposure to solar radiation to 8 
orientations, adding the effect of an “ideal” shading to 
block the penetration of direct solar radiation during 
the mild and warm periods (Fig.4). The aim was to 
identify the depth of minimum DF = 2% achieved with a 
range of WWRs, varying from 50 to 75% and compare 
with the consequential solar gains (Figs.5 & 6).  

In addition, the heat gains associated with lighting, 
equipment and occupation of a typical office 
environment are presented to put in context the 
relative impact of the solar gains to the total heat gains 
[4]. The 75% WWR resulted in a 9m deep passive 
daylight zone, followed by 7.5m with the WWR of 66% 
and 6m with 50%. (Fig.5). Looking for a balance 
between minimum solar gains in the warm period of 
the year and maximum daylight access, initial guidelines 
were stablished: the maximum WWR = 75% to the 
South and Southeast orientations, WWR = 66% to 
North, East and Southeast and WWR = 50% to West, 
Northwest, and Northeast (Fig.6).  

 
Figure 4: Reduction of solar gains on 8 orientations as a 
combined effect of different WWRs (75%, 66%, 50%) and an 
“ideal” shading, in perspective to the contribution of internal 
gains associated with the occupation.  

 
Figure 5: DF values across a double-aspect typical floor for 3 
different WWRs (75%, 66% and 50%).  

 

 
Figure 6: Recommendation of floor depth and WWRs for 8 
orientations as a result of maximum daylight.  

Thermal Response: 
The thermal dynamic simulations were carried out 

with the software TAS [2]. The thermal assessment of 
the base-case tested in the previous simulations was 
carried out with thermodynamic simulations 
(considering minimum ventilation rates for fresh-air 
requirements only), to re-evaluate the impact of 3 
WWR, now looking at the heating and cooling loads 
(Fig.7). The results showed that the West and 
Northwest pose the higher cooling loads, almost 50% 
higher than in the South, to which the lower loads were 
found. Also, in both orientations the increase of the 
WWR from 50 to 75% had the most significant impact in 
the rise of solar gains (by 10 KWh/m2yr). Different from 
that, the lower cooling loads on the South and 
Southeast, confirmed the opportunity to WWR of 75%.  

Continuing with the thermal assessments, as 
heating loads were close to zero in all cases, focus was 
put on reducing the cooling loads, taking a typical 
North-facing office room as reference. For this, a 
sensitivity analysis of the effectiveness of night-time 
ventilation, thermal mass, different glazing properties 
and solar control (varying different degrees) was firstly 
performed. From the simulation results is clear to see 
that day-time ventilation at 10 air-changes (ach) have a 
very similar contribution than the night-time ventilation 
at 7.5 ach, pushing cooling loads down to 40 KWh/m2yr, 
approximately, almost 50% less than in the base-case. 
Regarding the shading, the insertion of 3 horizontal 
elements of 30cm each has the most effective 
response, as it blocks almost the totality of direct solar 
radiation impinging on the North orientation.  

Single glazing windows are significantly better than 
the double-glazing alternative, resulting in 50 
KWh/m2yr against 70 KWh/m2yr, due to the higher heat 
losses through conduction when the internal conditions 
get warmer than the outside (common phenomenon in 
office environments).  

 

 

 
Figure 7: Sensitive analysis of the effectiveness of day-time 
and night-time ventilation, thermal mass and shading, with 3 
different WWRs, applied to a North-facing base-case office.  

Following up, four proposals were created 
combining different scenarios for the previously 
examined passive strategies, as described in Table 1. 
Here, day-time ventilation was not included to avoid 
potential issues associated with urban noise and 
pollution in the work environment. The second 
proposal was the most effective in terms of 
improvement, with cooling loads dropping from 90 
KWh/m2yr in the base-case to values between 20 and 
30 KWh/m2yr, depending on the WWR (Fig.8). 

Table 1: Four Proposals to reduce cooling loads. 

 
 

 
Figure 8: Annual cooling loads for the 4 proposals. 

Following the assessment of thermal performance, 
an in-depth analysis of internal gains related to 
common office activities and occupational patterns had 
a central role to inform environmentally efficient 
strategies with respects to the orientation and key 
spatial configurations for distinctive areas of the office 
building. The pattern of internal gains shows a clear 
distinction between types of spaces and activities, with 
relatively lower and constant loads in the cellular office 
versus significantly higher (10x) and a more variant 

profile in the meeting rooms and teamwork areas. 
Informal meeting and hot-desk areas stay in between 
the two and oscillate more (Fig.9).  

 
Figure 9: Distribution of internal gains of common office 
activities along a typical week-day. 

These observations point out to the advantage of 
positioning open-plan areas, where there are higher 
internal gains, on the orientations with less solar 
exposure (S and SE, in this case), and those spaces with 
less intense heating loads towards the more exposed 
orientations (N, W and NW). 

4. APPLICABILITY: DESIGN PROPOSAL 
Following the lessons learnt from the analytical 

studies, the key concepts that drove the design 
solutions were: maximization of envelope area to 
benefit views, daylight and natural ventilation, when 
needed and appropriate - according to the air-quality 
and noise conditions of the external environment); 
space and environmental diversity to contemporary 
office activities; and variation in the façade treatment 
across orientations and height responding to different 
solar exposures. The research process towards the 
Architectural Design Concept and the subsequent 
Design Proposal is shown in Figure 10. 

 
Figure 10: Diagram of the research process to Architectural 
Design Concept and the Design Proposal.  

In addition to that, the several office spaces were 
organized in the shape of vertical “villages”, around 
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four storey-high atriums, with the cellular offices facing 
North and the double-height open-plan areas (with the 
higher internal gains) towards the South, therefore, 
being less exposed to solar gains (Figs. 11 - 12). The 
higher floor-to-ceiling height facilitate the dissipation of 
the internal gains generated by the occupation and 
improve the daylight distribution along deeper floor 
plans. Openings created on the North, East and West 
sides allowed daylight into the atrium (Fig. 11). 

      

 
Figure 11:  Top - Diagrame of plan depths in relation to the 
guidelines in response to orientation, with the distribution of 
main spaces (celular offices-1, service area-2, open-plan 
offices-3, area of social interaction-4). Bottom – Typical floor 
plan and diagramme of the “office village”.  

Moving to the façade design, the distribution of 
solar radiation identified in the computer simulations 
was used as a guideline to a refined determination of 
the level of transparency (given by the combination 
between the previously recommended WWR and the 
light transmittance of the iluminating panels - glass), 
determining the U Values of the building components 
(although the entire building only has single-glazed 
panels) and the light-transmitance of the modulated 
glass component (Fig. 14). Looking at the North face 
(with the highest solar exposure), the outcomes of the 
thermodynamic simulations showed the benefit of 
having in the first seven floors (plus the ground-floor) 
an average light transmittance = 54% and U Value = 
2.07 W/m2.K. For the remaining eight floors, the light 
transmittance dropped to 48% and the U Value to 1.86 
W/m2, in order to minimize solar gains. In the most 
exposed area of the North façade (top west corner), 
light transmittance was further reduced to 42% and U 
Values to 1.88 W/m2. These average values were 
achieved per floor/space adjusting the amount of three 
types of glass panels: opaque, semi-translucid and 
clear, where external light-weight external horizontal 
shading devices were attached to the operable 

windows (Figs. 14 & 15). The design outcome is a 
façade opaquer than the conventional glass-box. 

                          
Figure 12: Section of the design proposal with the cellular 
offices (single height) at the North and open-plan offices 
(double-height) at the South. 

 
Figure 13: Left – simulation of solar radiation values for a 
typical day in the warm period showing cummulative daily 
values. Right – Diagramme with the general strategic 
strategies for the façade treatment including U Values, 
recalculated WWRs and Light Transmitance.   

 
Figure 14:  View of the south façade, showing an increase in 
opacity in the higher floors (due to higher solar exposure).  

 

 

 
 

         
Figure 15: Top - Section of the south-facing cellular offices. 
Bottom -  Section of the north-facing open-plan offices. 

 

 

 
Figure 16: Temperature profile of a cellular office, an open-
plan office and the atrium space in a typical warm day.  

The thermal performance of the final design 
proposal was verified in terms of annual hours in 
comfort with the use of natural ventilation and 
temperature profiles in typical days of the year (Fig. 
16).  In a typical warm day, maximum temperatures in 
the main spaces (cellular and open-plan offices) 
oscillate around 29oC (surpassing by a small margin the 
upper limit of the comfort zone), being the lowest peak 
in the cellular offices. 

5. FINAL CONSIDERATIONS  
The initial analytical studies proved to be possible to 

naturally ventilate office buildings in the Mediterranean 
climate of Santiago for over 85% of the occupational 
hours, in addition to satisfactory daylight conditions 
throughout the floor plan. The central atrium space, 
coupled with the north-south zoning of offices were key 
design strategies to bring daylight and natural 
ventilation into the building, whilst positioning the 
activities of higher internal gains (the open-plan offices) 
towards the “cooler” orientation and vice-versa. In 
sum, simplified analytical studies that define the 
Research Pro-Design Methodology at pre-design 
concept stage, developed here, is an effective measure 
to environmentally inform the main architectural 
design decisions.  
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ABSTRACT: In Brazil, buildings in the residential sector consume about a quarter of the electricity. Due to the low 
energy efficiency of these buildings, much electricity is wasted, whether this loss is related to the building 
systems of the envelope or other factors. It is known that there is a significant gain and loss of heat in the 
envelope. The use of Insulating materials has also changed this phenomenon, but it has added value, so the best 
way to analyse the cost benefits of different types of building systems is to use life cycle costs. Therefore, the 
objective here is to analyse the cost-benefit of different materials used in walls and roofing through life cycle 
costs. The method used is a simulation, in which EnergyPlus calculates the consumption and use of able of price 
compositions for budgets to determine the costs of the house and the different types of building systems. The 
results show that the lowest consumption model does not have the lowest life cycle cost, but the relationship is 
not linear, and the initial cost has the most significant impact. He highlighted the importance of life cycle cost as 
a cost-benefit parameter, including the initial input cost and the cost of electricity. 
KEYWORDS: Building materials, energy savings, life cycle cost, energy efficiency, simulation.  
 
 

1. INTRODUCTION  
As people pay more and more attention to the 

energy crisis and environmental pollution, research 
on new technologies has emerged to optimize 
energy use and reduce the spread of polluting 
waste. The energy consumed by buildings is 
responsible for about 40% of the world's primary 
energy [1]. According to the National Energy 
Balance [2], in Brazil, the energy consumed by the 
residential sector represents about 25% of the 
country's total energy consumption. 

In the residential sector, energy demand is 
mainly related to climate, building design, energy 
system, occupant usage, and economic level. 
Generally speaking, households in developed 
countries use more energy than emerging 
economies and, due to the installation of new 
equipment, especially air conditioning (AC) 
equipment, energy consumption is expected to 
continue to grow [3]. Buildings with poor thermal 
performance will cause discomfort to users, and as 
income increases, occupants choose to make 
manual adjustments, which increases building 
operating costs and carbon dioxide emissions. The 
increased use of air conditioning across the country 
means expanding its energy infrastructure [4]. 

Although the use of air conditioning systems for 
refrigeration is restricted in Brazil, the use of air 
conditioning systems is responsible for 
approximately 20% of domestic electricity 
consumption [5]. Rising incomes and improving 

living standards are expected to increase its use as 
it will be within the economic range. Brazil's most 
used conditioning system is the electrical air 
conditioning system, which significantly affects 
energy costs. Therefore, homes with low purchasing 
power can suffer significant discomfort. This can 
affect productivity, happiness, learning skills, etc., 
thus affecting daily activities. For all these factors, 
especially for these low-income families, it is 
necessary to provide thermal comfort houses with 
lower energy consumption to achieve thermal 
comfort [5]. In this case, it is crucial to invest in 
buildings to improve the quality of the 
environment, improving users' quality of life. In 
addition, it is essential to benefit low-income 
families at affordable prices. Combining these 
premises constitutes a proposal for sustainable 
development, where the environment, society, and 
economy are integrated [6]. 

According to Almeida et al. [7] and Ghisi et al. 
[8], the total consumption of electricity gradually 
increased due to the use of air conditioners. 
According to Mazzaferro [9], the building envelope 
is responsible for the heat exchange between the 
internal and external environments and mainly 
determines the internal temperature of the 
building. In this way, the energy consumption 
attributed to air conditioning can be reduced by 
suitable construction elements, which provide 
better energy efficiency and thermal performance. 

 

According to Moldovan et al. [10], buildings 
must use architectural features (envelope) with 
good thermal properties, geometry, and 
orientation. In many cases, the importance of 
dynamic thermal performance is often ignored or 
underestimated, and adequate heat capacity is not 
correctly considered as one of the design 
parameters, as described by Aste et al. [11]. 
Gagliano et al. [12] proved the importance of 
evaluating the thermal behaviour of the building 
according to each direction of the facade to delay 
heat transfer so that measures can be taken to 
ensure adequate comfort and reduce the cooling 
demand of the system. Giordano et al. [13] 
emphasized that adequate envelope structure is 
essential for buildings. 

However, a significant question often raised by 
construction professionals is the extent to which 
energy-saving measures are adopted in terms of 
cost-effectiveness [14]. To carry out an economic 
analysis, not only the thermal condition of the 
building must be considered, but also the weather 
condition, energy price, location, available 
resources, and other factors must be considered. 
The challenge is to find a strategy that achieves the 
best building performance at the lowest cost. 

Therefore, there must be a balance and proper 
simulation to apply the best strategy for each 
specific situation. Deng et al. [15] pointed out that 
most projects cannot be shared due to climatic and 
cultural characteristics. It also emphasizes that most 
projects did not analyse economic viability. It is 
known that there is a significant increase and loss of 
heat in walls and roofs. Using Insulating materials 
changed this phenomenon, but added value, so the 
best way to analyse the cost benefits of these 
different scenarios is to use lifecycle costs. 

The basic premise of financial viability is that the 
investment cost is less than or equal to the net 
economic value [16]. Most people are unaware of 
the renovation measures that can be used to 
improve the energy performance of buildings and 
the other benefits that these measures can bring 
[17]. Of course, all efficiency measures (such as 
increasing insulation and using more efficient light 
bulbs) will incur financial costs, but the electricity 
savings after renovation can be equal to or greater 
than the initial cost after several years of operation. 
Thus, in the life cycle cost (LCC) method, calculating 
the cost of each initial and relative maintenance 
measure and its financial benefits is used. This 
method decides whether to implement them to 
obtain energy savings [18]. 

In this scenario, this article has the general 
objective to analyse the influence of the cost-
benefit relationship with the energy consumption of 

different constructive systems for the envelope in a 
Housing of Social Interest. 
 
2. METHODOLOGY 

The methodological procedures were separated 
into three stages: the characterization and 
definition of the object of study, thermo-energetic 
simulation, and the life cycle cost calculation. 
Study object 
 
2.1 Study object 

Focusing on single-family housing, a 
representative project of one-story residential 
housing was used, which is located in the 
bioclimatic zone 3 of Florianópolis (SC), which has 
the highest frequency of occurrence and was 
determined by Triana et al. (2015) [19]. The floor 
plan and volume used are shown in Figure 1. 
Figure 1:  

Architectural Project [19] 

 

The main features of the project for the one-
story single-family house are described below: 

– Cross ventilation; Eaves: 50 cm; Ceiling height: 
2.50 m; Electric shower for water heating, 
considering equipment power > 4,600W; 

– Floor: ceramic floor 0.75 cm + 2 cm subfloor + 
15 cm concrete slab; 

– Walls: 13 cm (ceramic brick with 6 holes 
9x14x24 cm with internal and external plaster) with 
U=2.39W/m²K and thermal capacity=150kJ/m²K and 
α of 0.3; 

– Coverage: 2 waters, tile (changes) + attic 
ceiling (changes). Inclination of 23, 6º. Tile with α of 
0.3; 

– External doors: 2 of 0.80x2.10 m, wood with U 
=1.49 W/m²K; Internal doors: 0.80x2.10 m, wood 
with U =1.49 W/m²K; 

– Windows: living room and bedrooms: 1.50 m2, 
2 sliding leaves, sill=1.10 m; kitchen: 1.20 m2, 2 
sliding leaves; bathroom: 0.48 m2, tilting window 
with a frame, sill=1.50 m; Windows without 
shutters; Glass: 4 mm transparent; Aluminum 
frames; 

– Installed lighting power density: Living Room 
and Bedrooms=5 W/m². 
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There are several ways to apply energy-saving 
strategies in buildings. This article focuses on heat 
transfer through the envelope. Addressing the roof 
first, three types of ceilings (PVC, plaster, and slab) 
and two tiles (ceramic and fiber cement) were 
selected to form six roof models. Its thermophysical 
properties are shown in Table 1. 

 
Table 1:  
Thermal properties of the building systems of the roofing 
models 

Model Element 
Thermal 

transmittance 
(W/m².°C) 

Thermal 
capacity 

(kJ/m².°C) 
1 Ceramic tile and PVC 1.75 21 

2 Fiber cement tile and 
PVC 1.76 16 

3 Ceramic tile and 
plaster 1.94 37 

4 Fiber cement tile and 
plaster 1.95 32 

5 Ceramic tile and slab 2.05 238 

6 Fiber cement tile and 
slab 2.06 233 

 
For the walls, two types of blocks (ceramic and 

concrete) and two Insulating materials (EPS and 
rock wool) were selected, forming six models 
described in Table 2. 

 
Table 2:  
Thermal properties of the building systems of the walls 
models 

Model Element 
Thermal 

transmittance 
(W/m².°C) 

Thermal 
capacity 

(kJ/m².°C) 

10 Ceramic block - 6 
holes 9x14x24 2.39 150 

20 Concrete block - 2 
holes 9x19x39 2.79 209 

30 
Ceramic block - 6 

holes 9x14x24 + EPS 
(8cm) 

0.41 125 

40 
Ceramic block - 6 

holes 9x14x24 + Rock 
wool (4cm) 

0.77 195 

50 
Concrete block - 2 

holes 9x19x39 + EPS 
(8cm) 

0.43 228 

60 
Concrete block - 2 

holes 9x19x39 + Rock 
wool (4cm) 

0.81 329 

 
The parametric evaluation combines all systems, 

resulting in 36 housing models. The ten house (10) 
represents the wall, and the unit house the roof (1); 
for example: in model 11, we have an envelope 
composed of a ceramic block wall and a ceramic tile 
roof with PVC lining. 

 

2.2 Thermoenergetic Simulation 
Consumption analysis is based on the physical 

description of buildings, heating or cooling systems, 
and internal loads. The program chosen for this 
study is EnergyPlus, which is distributed free of 
charge by the US Department of Energy and is 
widely used in energy simulation studies. The 
software uses IDF and EPW input files. Basically, a 
software interface inputs data about the building 
and the weather entered. The IDF files contain 
technical data on the building envelope, materials, 
the HVAC system, and other parameters, while the 
EPW contains meteorological data. The 
GroundDomain: Slab object is used to model heat 
transfer with the ground in the simulation model. 

To calculate the thermal load of the rooms in 
the house, according to the “Inmetro Residential 
Building Code” - INI-R [20], each room defines two 
people, so there are four people in total. The COP 
used to convert this payload is 2.86. The air 
conditioning system only works when there are 
people in the room. To avoid discomfort caused by 
heat, start the cooling system after the temperature 
reaches 26ºC. For cold discomfort, the system 
heating method is used from 16ºC. It may not be 
common to use air conditioning in social housing, 
but as the cost of discomfort cannot be measured, 
it is assumed that air conditioning is used in both 
bedrooms. 

 
2.3 Life Cycle Cost of Housing 

Considering the life cycle cost of the building, 
the cost is divided into three groups: initial 
investment, maintenance, and energy. For the 
calculation, the online TCPO tables (Tables of 
Composition of Prices for Budgets) are used as 
references for these values, and these tables are 
constantly updated. Also, the initial investment 
depends on the construction cost, and these cost 
changes are based on the materials present in the 
model [21]. 

The maintenance of the system depends on the 
value related to maintenance and installation of the 
components of the energy supply system and other 
characteristics necessary for the proper functioning 
of the building and the comfort of its users. The life 
expectancy considered for housing is 50 years. 

 
3. RESULTS 

The results were analyzed in three parts, the 
first being the consumption, then the initial cost, 
and finally the life cycle cost where consumption 
and initial cost are considered together. 

 
3.1 Consume 

The most significant influence on consumption is 
the addition of Insulating material in the 

 

construction systems of the walls. In Figure 2, the 
variation system "10" and "20" can see others, and 
there is a saving of around 45% in energy 
consumption. The combination with the lowest 
performance (21) and the best performance (56) 
has a difference of approximately 60% of the 
amount of energy spent; o shows the great 
potential of using suitable materials in civil 
construction to save energy. 
Figure 2:  

Energy consumption according to models 

 

The variation between the different types of 
roofing was less expressive than that of the walls. 
However, the even models with fiber cement tiles 
perform better than those with ceramic tiles, the 
difference is around 3%, but it reached 4 .3%. The 
difference between the use of PVC and Plaster 
ceilings was minimal, less than 1%, the slab, when 
compared to both PVC and Plaster, had a more 
significant impact, around 5%. 

 
3.2 Life Cycle Cost (LCC) 

It is known the importance of energy-saving 
measures and how they affect the energy 
consumption of buildings. Changing the 
construction system will entail costs, in which case 
the calculation of energy consumption is the 
starting point for calculating the cost of the energy 
efficiency measure. With this data, it is possible to 
calculate the cost of the building's life cycle and 
compare the benefits generated or not generated 
by implementing the measures. 

Figure 3 shows the initial costs, the percentage 
increases or decreases in the cost of the base model 
(11). There is a more expressive impact on the walls 
again, and there is also a lower investment in 
models with ceramic brick when compared to those 
with concrete blocks. Among the coverage systems, 
the variation was low, around 1%. 

 
Figure 3:  

Initial cost of models 

 
 
When the life cycle is taken into account, the 

cost of the operation is also calculated. In this case, 
energy consumption is added to the initial cost of 
each housing model. The cost-benefit analysis 
considers the entire building cycle, hence the use of 
life cycle cost. In Figure 4 are these data, it is noted 
that the behavior of the LCC graph is similar to that 
of initial costs, which leads to the conclusion that in 
these cases the initial cost has a more expressive 
impact over the life of the building than the costs 
generated by consumption in that period. 

The models with the best cost-benefit are 
models 21 – 26; models 31 to 36 and 41 to 46 even 
having a good performance in terms of 
consumption, but the worst about LCC having the 
highest values accumulated in the life cycle; 
however, it is essential to note that this variation is 
around 5% to 10%, then an assessment of benefits 
beyond the financial can be done. Models 51 to 56 
and 61 to 66 have a better performance than the 
initial models in terms of consumption, but being in 
the middle about LCC can lead to a choice for the 
energy issue but still having cost benefits. 

 
Figure 4:  

Life Cycle Cost of Models 
 

 

4. CONCLUSION 
This research seeks to evaluate certain types of 

construction systems for wrapping from the point 
of view of life cycle cost. It can be seen from the 
results that consumption by itself is not enough to 
assess the benefits as a whole. When the life cycle 
cost is used as a cost-benefit parameter, it includes 
the initial investment cost and the cost of 
electricity. 

This article evaluated different building systems. 
However, in other evaluations, changes made to the 
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building design such as orientation, layout, 
geometry, and others can result in significant 
energy savings without additional costs. That is why 
this primary care from the professional is always 
necessary. The research shows the importance of 
these assessments considering the entire building 
lifecycle. 
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ABSTRACT: Energy renovation of buildings in the European Union would lead to important energy savings and a 
26% reduction in consumption. But, despite these relevant benefits and the programs implemented to promote 
energy retrofit, in Europe and Spain, the housing renovation rate is low. The barriers faced by contractors, homes, 
and finance companies are impassable. So, in the international arena, and promoted by European directives, 
have appeared One-Stop-Shops (OSS), as integrated management entities to promote the energy renovation of 
dwellings, which seems a central element in the development of future strategies. This paper analyses the 
implemented experiences of OSSs in Europe, trying to identify the main elements, and proposes lines of action to 
strengthen OSS operation in the long term. To do it, documents, regulations, and data on the context were 
studied. Also explores the Spanish pioneering experiences through in-depth interviews. The results suggested that 
a lack of structural funding is one reason why activities were finished and that the most successful cases applied 
an ‘all inclusive’ model and supported families in the entire process. It is highlighted the relevant role played by 
European projects as a source of funding and specialist knowledge; as well as the pending solution barriers. 
KEYWORDS: European and Spanish housing renovation policies, residential energy efficiency, barriers to home 
renovation, renovation of buildings and housing, energy performance 
 
 

1. INTRODUCTION 
Building stock in Europe is responsible for 40% of 

energy consumption, and 36% of greenhouse gas 
emissions. Around 35% of the buildings are over 50 
years old, almost 75% of these are inefficient from an 
energy perspective, and only between 0.4% and 1.2% 
of the housing stock is renovated [1]. The situation is 
similar in Spain: buildings represent 30% of energy 
consumption (being the most relevant the residential 
sector), and 50% were built before the NBE-CT-79 rule 
of minimum criteria for thermal insulation in homes.  

Since 2002, the European Union has developed a 
legislative framework to promote the rehabilitation 
of this obsolete building stock, and processes for 
improving the energy efficiency of buildings, with the 
enactment of the Energy Performance of Buildings 
Directive 2002/91/EC [2], and the Energy Efficiency 
Directive 2012/27/EU [3] that established that each 
member state must design a building renovation 
strategy, through specific actions, to achieve efficient, 
decarbonised building stock prior to 2050 [4].  

Additionally, the EU promotes policies that help to 
create a stable framework for investment decisions 
and help the involved actors to make informed 
decisions to save energy and money. Also, the 
European Green Deal [5] defines energy renovation of 
public and private buildings as an essential measure 
to ensure that Europe is climate neutral by 2050. The 
set of European regulations obliges member states to 

define the minimum energy efficiency requirements 
for new buildings, and existing buildings that required 
a renovation. Each member state must decide the 
requirements and the calculation methods to be 
applied. In consequence the member states have 
implemented different models for transposing EPBD 
regulations [6]. However, despite the implemented 
programs to promote the housing energy retrofit, and 
important efforts made, the adoption of extensive 
renovation at European level is still very limited. The 
European annual rate of relevant renovations in the 
residential sector is about 1%, basically due to the 
barriers that families must face to perform the 
actions to rehabilitate.  

Important renovations must be defined as those 
that reduce a building’s final energy demand for 
heating by between 50% and 80% [7]. In this context, 
the energy renovation of these buildings would imply 
a 26% reduction in energy consumption.  

So, the One-Stop-Shops (OSS) have appeared in 
Europe, provided by the EU as integral management 
entities to promote residential renovation.  

The main aim of this work is to analyse the OSS 
experiences in the European context, and deeply the 
pioneer experiences in Spain. This analysis is aimed to 
understand the organisational models of OSS, the 
services they offer, and overall the barriers it has 
overcome, and those that are still to be resolved. In 
addition, to propose strategies for future actions. 
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2. METHODOLOGY 
The research develops a qualitative analysis of 31 

implemented OSS European cases study, excluding 
Spain (Table 1), and an in deep qualitative analysis of 
3 Spanish cases (Table 2) to generate a comparison 
and define the most relevant topics in both contexts. 
 
Table 1: European OSS cases studied 

OSS Name Leader type       Country Beginning 
RenoBooster PPP Austria 2019 
Huisdokter PPP Belgium 2005 
HomeGrade Pub Belgium 2017 

EERSF PPP Bulgaria 2005 
Aradippou OSS Pub. PPP Cyprus 2018 
ProjectZero 1 Pub Denmark 2009 
BedreBolig Pub Denmark 2013 

PKA – Sust. Sol. PPP Denmark 2015 
Frederikshavn Pub Denmark 2017 

Ecofurb Pr. England (UK) 2009 
Parity Projects 2 Pr., Coo England (UK) 2013 

KredEx Pub Estonia 2009 
Energies POSIT’IF 3 Pub, Coo France 2013 
Pass Rénovation 4 Pub, Coo France 2013 

ARTÉÉ Pub France 2015 
OKTAVE Pub France 2017 
RenoHub PPP Hungary 2019 

SuperHomes Pr. Ireland 2015 
Mantova Pub Italy 2020 

Leeuwarden 5 Pr. Netherlands 2013 
Woon Wijzer Winkel Pr. Netherlands 2015 

Huizenaanpak Pr., Coo Netherlands 2014 
Stroomversnelling Pr., Coo Netherlands 2015 

Reinmarkt Pub Netherlands 2014 
Bolig Enøk Pr. Norway 2009 

Tighean Innse Gall  Pr. Scotland (UK) 2014 
ALIEnergy Pub Scotland (UK) 2011 
MunSEFF Pub Slovak Repub. 2011 
Slovseff Pub Slovak Repub. 2014 

Energiesprong Pr. UK, Fr., Germ. 2013 
FinEERGo Pub Various * 2019 

Notes: a) Complementary, additional or optional names; 1 Zero 
Home, 2 Retrofit Works, 3 Île-de-France Énergies, 4 SPEE Picardie, 5 
Slim Wonen Met Energie, b) Type of leader entities; PPP: Public-
Private Partnership, Pub.: Public, P.: Private, Coo.: Cooperative. 
 
Table 2: Spanish OSS cases studied 

OSS Name Region Leader type Type 
GarrotxaDomus Catalonia Foundation Coordination 

OSIR Extremadura Administration Coordination 
OPENGELA Euskadi Administration Coordination 

 
The European analysis has been developed 

between April and September 2021 into the following 
stages: 1) identification of OSS using official reports 
and studies [5, 6, & others], research projects 
(Eracobuild, INNOVATE, COHERENO, and Refurb), 
scientific papers, and institutional websites of OSS 
focused on energy renovation in multi-family and 
single-family housing; 2) elaboration of a database 
with selected variables organized in the next groups 
of contents: a) general OSS data (leader entity, 
country, operating since, program/project, European 
plan, National plan, Regional plan, website), b) type 
of dwelling (single or multi-family), c) macroeconomic 
& environmental variables (GDP, CO2PC, Renewable 
Energy %), d) mass media (internet, showroom, office, 

to the door…), e) passive improvements (isolation, 
ventilation, enclosures, solar protection devices, 
water recycling), f) active improvements (photovoltaic 
plates, boilers, heat pumps, heat recovery), g) other 
improvements (functional, aesthetic, accessibility), g) 
responsibility for the works, h) offered services (green 
marketing, energy audit, project redaction, financing, 
grant management, permission management, search 
of suppliers, bidding for works, supervision of works, 
set up, monitoring of works, post evaluation), i) 
customers (private owners, co-owners, companies, 
tenants), and j) partners (providers, manufacturers, 
specialised advisers, financial entities); 3) selection of 
cases, according to defined criteria, and 4) analysis of 
documentary information and the database. The 
variables have been analysed individually, within each 
group, detecting the most relevant in percentages.  

For Spanish case, once identified four operative 
OSS, in-depth interviews were made to promoters of 
the three in the most advanced stage. The structure 
of the used forms is: general data, background, 
barriers addressed, offered improvements & Services, 
structure and operation, and obstacles overcome to 
implement it. The steps have been: 1) identification 
of OSS, 2) collecting information through public 
documents (webpages and audio-visual material), 3) 
contrasting and complementing them through a form 
applied to their promoters, and 4) deepen certain 
aspects through an in-depth interview. 

To establish similarities and the most important 
topics, an analysis & discussion between European 
and Spanish cases has been developed, and final 
comments have been developed. 
 
3. SOME BARRIERS TO ENERGY RENOVATION 

The processes of renovating the housing stock are 
limited by a series of barriers that affect families 
(economic, lack of knowledge and information, lack 
of capacity to implement renovations, etc.)  

Frequently, the decision of housing energy 
renovation is affected by negative experiences of 
owners, and the consequence lack of trust regarding 
advisors and contractors [8], also supported by the 
“do it yourself” culture [9]. Based on the review of 
the literature, we organize them as follows: 
- Barriers and market failures: a) informational 
asymmetry based on that some of the actors involved 
in the residential renovation process do not have the 
necessary knowledge of energy efficiency [10]; b) 
economic factors: conditioned by the necessary 
capital, and the facts that its recovery is uncertain 
and long-term. The empirical evidence indicates 
considerable penalisation of future savings, and 
divided incentives [11]; c) behaviourism, considering 
that the decision of homeowners to develop 
renovations is influenced by personal (awareness, 
attitudes, experiences, beliefs, and skills), contextual 
and external factors [12], and e) legal framework and 

 

 

management, considering also that studies suggest 
that some national energy efficiency action plans of 
some members states might not be adequate, and 
new policies are necessaries [13]. 
- Determinants: a) inconveniences in the decision 
process is a widespread problem for confused and 
asymmetric information [14], and that is not a 
dichotomous process, but a complex with specific 
problems in each stage [15]; b) social factors, for 
example habits, which induce actions regardless of 
the context, or the reluctance to invest in residential 
improvements [16]; c) understand rehabilitation as a 
housing adaptation process [17], or as gradual on 
time [18]; d) EE lack of knowledge and fragmented 
supply [19], & e) demand disaggregation [20]. 

In this scenario of difficulties in rehabilitation, the 
OSSs have gradually emerged, mainly in Europe and 
USA, in national, regional, and local settings, with a 
range of regulatory frameworks, adapted to these, 
with difficulties that this implies.  
 
4. EUROPEAN OSS ANALYSIS 

Some studies, such as Boza-Kiss and Bertoldi [21], 
Cicmanova et al. [8], or Krosse, L., et al. [22], review 
implemented OSSs, many of which promoted by 
European initiatives. These enable measures to be 
adopted that improve dwellings’ energy efficiency, at 
the same time as they offer a renovated dwelling that 
meets the homeowner’s real needs [18]. 

To overcome the barriers of lack of information 
and knowledge, a One-Stop-Shop should consider, in 
accordance with the model and considering its scope, 
the active participation of the owners of dwellings to 
be renovated. Also, is essential the identification of a 
market segment. According INNOVATE classification 
[23], based on the degree of support offered and in 
the context of energy renovation of dwellings, four 
OSS operation models are identified: a) Facilitation: 
offers a first approach of the client to the benefits of 
energy retrofit, provides information at no cost that is 
oriented towards the customer, and acts as a 
facilitator of the processes, b) coordination: contacts 
customer with a suppliers, previously endorsed and 
carry out energy renovation works, and with financial 
entities if is required. They can control the process 
but do not take responsibility for the results, c) all-
inclusive: acts as a contractor, offering packages of 
services: information, coordination with suppliers, 
contractors & financing. It is responsible for the 
process and, sometimes, guarantee energy saving 
after works, and d) ESCO: similar to all-inclusive in 
services, but also guarantees energy savings after the 
works. The cost of the investment is paid to the 
company through generated energy savings. 
4.1 Some outstanding cases 
- Retrofit Works (U.K.) started in 2013 as part of the 
Green Deal. It is based on a cooperative of SMEs of 
contractors, local suppliers (including technicians) 
qualified in energy, social agents, and the energy 

consultancy Parity Projects (PP). They have formed 
since 2017 an OSS. The process starts with a web tool 
provided that families can use to find out about 
possible improvements and necessary investment. 
Those who are interested contact PP and, if is 
necessary, one technical coordinator visit the home 
to carry out an onsite assessment. Then, the three 
proposals of RW cooperative members are sent and a 
service contract is signed with PP, which carries out 
the technical monitoring of the works with the 
selected RW contractor. The operating costs of PP are 
covered by commission paid by the contractors. 
- OKTAVE (France) is led by town and city councils and 
promoted by the agency for ecological transition 
ADEME and the Gran Este region. It brings together 
two financial companies, one of a social nature. The 
OSS provides a service that includes customised 
assistance on technical, financial, and administrative 
aspects under a model of a single point of contact. It 
draws up a financial plan that combines subsidies, tax 
credits, and zero interest loans for up to 15 years, and 
it seeks an ESCO to recover the investment with 
energy savings. The contractors and suppliers are 
local and trained, and accredited by OKTAVE, 
included in a register of qualified suppliers. The 
process starts with a free energy audit to assess the 
solutions and draw up a quote and an estimation of 
financing possibilities. It continues with the signing of 
a payment agreement for the provision of services, 
the search for suppliers and contractors, and an 
analysis of the suitability of the technical and financial 
proposal. With the fees, the management of 
subsidies (whose amount is paid in advance through a 
revolving fund), licences, and loans begins. The works 
are monitored, accepted, and put into operation.  
- BetterHome (Denmark) offers diverse predefined 
renovation packages for private home-owners. 
Through automated, customised services and a web 
application, the potential customer first informs the 
installers and preselects the measures. Then, the 
homeowner through direct contact with the technical 
team can adapt the package and the technical and 
financial terms to their specific needs. The OSS works 
with local craftspeople, who receive training and 
tools to guarantee quality services. Better-Home 
carries out the promotion, quality control, 
monitoring, and customer care. In 2016, it completed 
over 200 projects and it has gradually expanded.  

A different scheme is that implemented in France 
by the Ile de France region. A new, semi-public 
company was created and an ESCO was developed to 
offer a complete value chain for renovation [9]. 

 
5. SPANISH CASE STUDIES 

The OSS concept in Spain appears in 2014 ERESEE 
as “local rehabilitation agencies.” Although the local 
rehabilitation offices existed previously, linked to the 
rehabilitation of the public housing stock and within 
the framework of the integral rehabilitation of 
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degraded neighbourhoods. Unlike these offices, the 
concept of OSS: a) is not necessarily linked to an 
integral rehabilitation, b) nor is it aimed at areas of 
vulnerable population, & c) nor is in public housing. In 
this context three local operational OSS experiences 
are studied, all derived from European projects. 
5.1 GarrotxaDomus (GD) 

Is the evolution of HolaDomus (HD), pilot project 
in the framework of the EuroPACE Project, managed 
by EuroPACE Foundation, a non-profit entity with 
public-private participation: GNE Finance and Olot 
City Council, which has supported it and intends to 
extend it on the province through GiDomus. The pilot 
test had an agreement with GNE Finance. The owners 
had the possibility of financing with 5.5% APR rates, 
1.5% commission, without cancellation or refinancing 
commission, within a period of 5 to 15 years.  

The OSS model GD simplified interaction between 
owners and the other involved actors. The process 
begins by offering services of an energy office aimed 
at providing advice to reduce consumption through 
information on habits and housing improvements by 
effective messages based on people's needs. 
Subsidies are also managed and information is 
provided on affordable financing lines; the building 
license, the IBI and ICIO bonuses are processed and 
the owner is assisted to request budgets, within a 
portfolio of 70 validated professionals. To speed up 
the process, GD has, in addition to the physical office, 
a website with all the necessary information and each 
procedure is optimized to contain precise information 
to, for example, report a license or grant a subsidy. 

Some 430 middle-income households and single-
family homes have benefited, 95 assisted in drafting 
energy projects; a third part executed, another third 
part in execution and the rest in the previous phases. 
The most measures applied have been: insulation, air 
conditioning with photovoltaic support, enclosures... 
In general, the demand comes with a certain level of 
awareness, that increases as receive advice. The best 
valued services are support, centralized dialogue and 
assistance in obtaining subsidies. On the other hand, 
it can be seen that in the case of multi-family housing, 
the lack of affordable financing and, above all, the 
need for the agreement of the Homeowners' 
Meeting, makes it difficult to deploy renovations. 
5.2 OSIR 

The Office of Integral Services for the Energy 
Rehabilitation of Housing (OSIR) is an initiative of the 
Extremadura Government and Extremadura Energy 
Agency (AGENEX), with the support of the European 
projects H2020: HoseEnvest and INNOVATE. It is 
aimed at multi-family homes. The office is in Badajoz, 
and is studied new openings in Mérida and Caceres. 

Previously, a diagnosis and rehabilitation potential 
study was carried out in the Interreg FINERPOL 
project framework, and training for the construction 
sector through the REHABILITE project. Then appear 

OSIR and the Extremadura Housing Energy Efficiency 
Guarantee Fund (GEEVE). The fund is nourished by 
public resources (ERDF included), is managed by 
Extremadura Avante and seeks to mitigate the risk of 
participating financial entities. Thus, the entities offer 
loans to owners with special conditions; return terms 
of 15 years, reduced rates (less than 4.5% APR), 
without commissions (except opening). In order to 
the fund to accredits guarantee, renovations must 
affect the envelope, include an active system, and 
improve one step in the EPC energy class. 

OSIR identifies buildings with a high rehabilitation 
potential due to lack of insulation and inefficient 
central boilers (previous to 1980). In parallel, contact 
and inform via web. Then, contact the administration 
of buildings and the presidency of the community. A 
technician visits the building, identifies shortcomings 
and opportunities for intervention. Then, with the 
improvement proposals, its energy savings, estimate 
cost and the subsidy and financing options, OSIR 
summons the neighbors, who can agree to undertake 
them all, prioritize them by cost or reject them. OSIR 
does not assume the direction, but accompanies the 
homes in the execution and reception of works. 
Parallel to project drafting, uploads its characteristics, 
its cost and compliance with the parameters required 
by GEEVE to cover the credit to a computer platform 
of the financial entities. This overcomes the barrier of 
ignorance of the financial sector of the implications of 
energy rehabilitation. AGENEX technicians provide 
support and advice, although they have contracted 
staff to provide their services.  

Ten months after its opening, 200 buildings have 
been visited and 170 diagnostic and improvement 
reports have been issued. 3 have agreed to undertake 
the improvements and 2 have completed the 
selection of the contractor that will implement them. 
5.3 Opengela (OG) 

OG was born with the support of the H2020 
Hiross4all project, to promote the creation of OSS in 
vulnerable neighborhoods. The first two OG offices 
operate in Otxarkoaga (Bilbao) and Txonta (Eibar). It 
aims is to extend the initiative, opening new offices 
across Basque country. GNE Finance also participates 
with its knowledge in rehabilitation financing.  

It promotes multi-family buildings rehabilitation, 
empowering the owners to become protagonists in 
decisions, and leading the actions. The rehabilitation 
focuses on energy efficiency (reaching “C” EPC class, 
improving one or two letters), including health, 
habitability, comfort and accessibility improvement. 
Almost 50% of the rehabilitation cost is covered by 
subsidies and the rest by owners. Also, owners can 
apply for an additional aid or credits, and the spills 
can be prorated (up 36 months). OG is working with 
GNE Finance, assisting on economic needs of owners 
with difficult access to conventional banking. Also, is 
designing a line of aid, so that communities of owners 
can assume payments, in case of late payment. 

 

 

OG seeks to increase the household’s confidence 
whit a regulated, competitive and transparent action. 
In the process, through an agreement with owners, is 
managed a contract, including technical conditions, & 
contracting pool. Otxarkoaga (Viviendas Municipales), 
is still the owner of some houses, and is part of the 
owner’s communities, thus this procedure is easy. In 
the case of Txonta, with private homes, OG has the 
support of City Council's Urban Planning Department, 
& regional Urban Rehabilitation Society (DEBEGESA). 

The OG Otxarkoaga office has three technical 
professionals, specialized in energy rehabilitation, 
one with social communication skills. 25% of the 
personnel cost is covered by Hiross4all, the rest by 
aid from the Department of Territorial Planning…, of 
Basque Government. For its part, Municipal Housing 
covers the costs of premises, material and services. 
OG Txonta has a technician, depending to Eibar Town 
Planning Department, assisted on technical, legal, 
economic, and administrative services by DEBEGESA. 

In OG Otxarkoaga, the OSS's reception has been 
so good, due to a previous intervention in envelopes 
of some buildings, that help to shows renovations, 
cost, and the “word of mouth” communication on 
benefits. The process begins with the information of 
the problems to the owners, including improvements, 
based on the available aid, preferences and economic 
possibilities. Then, an agreement is requested for the 
administrative contracting process that begins with 
the drafting of the technical conditions, continues 
with the public call, with the contracting table, the 
review of the offers and its interpretation.  

In Otxarkoaga, action is being taken in 5 buildings 
(16 portals & 240 homes). In Txonta, the action is 
being taken on 17 portals (221 homes) with an 
emphasis on energy and accessibility aspects. 

 
5. ANALYSIS AND DISCUSSION 

In addition to initial Nordic countries experiences, 
operating OSSs are mainly in the Netherlands (5), 
France (4), and the U.K. (4). Of these, four OSSs have 
been operating since 2009 (ProjectZero in Denmark, 
Ecofurb in England, KredEx in Estonia, and Bolig Enøk 
in Norway). These are the longest running OSSs after 
the two that have been in operation since 2005 
(Huisdokter in Belgium and EERSF in Bulgaria). 

Regarding Nature and Initiative, highlights public 
initiatives (16 cases, 51.61%), two collaborating with 
a cooperative and one case through a PPP. In general, 
public entities are town councils, with support of 
regional or national energy agencies. Almost half the 
OSS use all-inclusive model (optimum), 26% a 
facilitating model, and 24% a coordination model. 

About Financing for operation, most (28 cases, 
90.32%) have received public financing of European 
programmes or projects, mainly to cover it operating 
costs. Many of these start as pilot test in the project 
framework. Of these, the ones that are not operating, 
generally shut down, if it functioned as a pilot test, 

without future funding. In relation to the model, the 
ESCO type use private financing as they act as 
agencies that use energy savings to finance 
customers and make it profit.  

About Communication Channels, the most used to 
attract clients are Internet (webs) and mass media. 
Customer service offices also play a relevant role. The 
next most common means of communication is local 
meetings. The showroom option was only observed in 
all-inclusive and consultancy models and the ‘door-
to-door’ method only in all-inclusive.  

Regarding Offered Improvements, In the passive 
ones, there is a tendency to more integrated. In the 
buildings, the main passive improvements are 
focused on insulation (30 cases, 96.77%), types of 
doors-windows (26 cases, 83.87%), and ventilation 
(25 cases, 80.65%). In active ones, there is a clear 
predominance of photovoltaic panels incorporation 
(26 cases, 83.87%) in multi-family housing, and heat 
pumps (23 cases, 74.19%), followed by boilers.  

Regrading Provided Services, the main ones are: 
energy audit (27 cases, 87.10%), project (23 cases, 
74.19%). Those that are least frequently offered are: 
acceptance of the works, and other improvements.  

About Customer Target, in some cases, OSSs focus 
on a local office but act in different regions or 
internationally, particularly when they form part of a 
programme that involves many cities: Bolig Enøk, 
Energiesprong, FinEERGo, or Reinmarkt… 

Is important to highlight the cases with a model 
addressed both single-and multi-family buildings 
market, as successful building renovation business 
models: EnergieSprong, Oktave, and BetterHome. 

In Spain, despite its diverse nature, OSS share the 
impulse of public administrations, which distinguishes 
it in relation to those of other European countries, 
mostly private. Although the responsibility of the 
administrations in promoting energy rehabilitation is 
clear, its participation in the OSS (with public funds) 
entails difficulties. For example, the limitation in 
contract services, based on supplier records. 

Another distinctive feature is that it is aimed to 
multi-family housing, with a set of added challenges: 
a) complexity of obtaining an agreement from the 
owner`s community, b) financing for the community 
and coverage of non-payments, and c) in deprived 
areas, organizational problems and lack of daily 
management. For this reason, the participation of 
multi-family building management professionals is 
crucial. Also, is important to act as a link between the 
neighbourhood communities and the OSS, as in OSIR. 

The third characteristic is its “facilitation” type. 
This is understandable, considering the role of the 
administrations. But in a context of fragmentary 
information regarding benefits, possible measures, 
cost/benefit ratio, financial aid and assistance, this 
model represents a very significant evolution. 

Also noteworthy are the international initiatives 
of consulting companies, installers or organized 
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distributors, which make it possible to group together 
a fragmented service market. Spanish cases integrate 
these services and try to prioritize professionals with 
technical, economic and administrative solvency. It 
also highlights the efforts to unite professional, 
industrial and financial associations. Thus, these 
experiences respond to the OSS model desired by the 
EC, beyond that the provision of integrated services. 

 
6. FINAL COMMENTS 

The preliminary results suggest at the European 
level that the lack of structural financing is a cause of 
the closure of its activities and that the most 
successful ones respond to the all-inclusive model, 
assisting families throughout the process. Likewise, 
the important role that European administrations and 
projects play as a source of funding and, of specific 
knowledge, is highlighted; as well as the obstacles 
that have been overcome to implement them and 
those pending resolution. 

In Spain, OSS are emerging in a critical moment; 
the imminent arrival of EU NextGeneration fund, 
which management can be assisted by these, 
especially when there are resources and initiatives 
from the EC and the EIB to finance technical 
assistance in efficiency of public and private entities, 
as well as studies for the establishment of OSS. 

In sum, a point of no return has been reached in 
which OSS appear as a relevant actor in meeting the 
challenges associated with the climate emergency. 
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ABSTRACT: The edification labeling program from PBE Edifica has been mandatory in Brazil since 2014 for new 
constructions and retrofitting in federal public buildings. The Normative Instruction nº2 made many institutions 
seek to foster actions not only to attend legislation, but also improve their energetic performance and try to save 
public resources which have limited budget. Based on the labeling edification diagnosis, it was selected a building 
The buildings labeling program from PBE Edifica has been mandatory in Brazil since 2014 for new constructions 
and retrofitting in federal public buildings. The Normative Instruction nº2 caused many institutions to look for 
foster actions not only to attend legislation, but also to improve their energetic performance and try to save public 
resources with limited budget. Based on the labeling buildings diagnosis, it was selected a building in the campus 
of the University of Campinas, with an office typology to put forward retrofitting ideas and analyze through 
labeling comparison the influence of lighting, air conditioning, and roof characteristics parameters. It was 
observed that changing the lighting, from conventional to LED ones, reduced the energy consumption by 50.54%. 
The air conditioning substitution brought an energy saving of about 40% on the edification. A roof change in the 
building represented a more comfortable setting for users and might influence as well on the operation of the 
acclimatizing equipment which represents about 48% of a building consumption. This paper emphasizes through 
its labeling results that for the studied scenarios not only the envelope, but also air conditioning are the most 
relevant parameters as compared to the lighting system. However, the latter contributes a lot to energy-
consuming reduction. 
KEYWORDS: labeling program, energy efficiency, retrofit, thermal performance 
 
 

1. INTRODUCTION 
According to the Brazilian Energy Balance [1], 

buildings in Brazil consume about 52% of available 
electricity, where households represent 26.1%, the 
commercial sector corresponds to 17.4%, and the 
public sector represents 8.5% of it. In this context, 
medium to long-term solutions that reduce costs and 
increase energy efficiency are urgent in a scenario 
that demands technological and scientific 
development on serious energy efficiency planning 
[2]. Additionally, saving energy costs in buildings 
presumes its optimization and rational use. In this 
sense, public services in-use buildings that present a 
limited budget compared to the private sector are 
living laboratories for studies on how to apply 
energy-efficient concepts.  

The potential benefit of this energy efficiency 
relies on the consumption reduction of natural 
resources since the hydraulic source represents 
64.9% of the Brazilian power grid [1], inferring an 
urgent need to save public expenses in buildings that 
provide essential services to the population. Hence, 
the Brazilian labeling energy program on public 
buildings projected for the National Energy Efficiency 
Plan (PNEf, in Portuguese) constantly fosters 

improvement in the general building's context and 
enables efficiency patterns and standard excellences 
to be followed [3]. Besides, this policy encourages 
the use of mechanisms that provide constant 
assessments, retrofits, and energy production 
systems according to performance regulations.  

The Brazilian Labeling Program (PBE) aims to 
reduce energy waste and encourage the rational use 
of energy in buildings. 

The labeling process in Brazil started as a 
voluntary program. It evolved to become an 
imminent mandatory program for federal public 
buildings since 2014 for buildings throughout the 
national territory, with the maximum classification 
(level "A"). However, to achieve effective energy 
efficiency at level A, changes in occupants’ behavior 
are necessary, both individual and collective [4]. 

Even with strong growth, the application of 
Labeling still lacks studies, dissemination of good 
practices, training, and dissemination of knowledge 
in the most diverse social classes further to leverage 
the process in an acceptable, safe, and sustainable 
way. 

Based on instruments that allow the assessment 
of energy performance, both of the buildings 
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themselves, and the actions to bring or expand 
energy efficiency, public management can be 
established with more alignment with the needs of 
today's society. Those tools allow prioritization of 
public investments, consolidate the justifications for 
them, and promote greater awareness of the users 
of these buildings [2]. 

Architecture solutions related to energy 
efficiency present a high potential to be 
implemented on the design stage and available 
possibilities of interventions in the construction. 
According to Procel data [5], the potential energy 
saving is about 50% on new buildings and 30% on 
existing ones. Consequently, retrofitting is an 
instrument boost to sustainability since it can 
improve energy sources utilization, reduce 
environmental impact, and optimize waste 
resources in civil construction. 

Air conditioning systems are responsible for 
almost half of the total energy consumption in 
commercial buildings [5], as shown in Fig.1, and their 
performance is related to the envelope's energy 
efficiency. This work presents a retrofit proposal in a 
(public) service building for the lighting and air 
conditioning systems, demonstrating the potential 
reduction of its energy consumption through 
simulation in the Webprescriptive method [6]. 
 
Figure 1: 
Distribution of consumption by final use in public buildings 
[5, adapted] 

 
 
 
2. OBJECTIVE 

This work compares how interventions on 
lighting, air conditioning, envelope can influence on 
the final labelling. It reports that the building might 
positively impact the energy efficiency label in a 
standard building in a public university, bearing in 
mind restrictions on design modifications for public 
buildings. Also, the work focuses on a simulation of 
external interventions to improve thermal 
performance and compare it with other buildings of 
the same type. So, this work aims to assess the 
influence of a retrofit mechanism on a higher 
education building to improve its energy efficiency 
label.  

 
3. METHODOLOGY 

The study case is a public higher education 
building located in the city of Campinas, Brazil. To 
assess the influence of a retrofit on these 
constructions, it was chosen a standard building for 
office work. Initially, it was performed a label draft 
on the selected building. At this phase, the 
prescriptive method was applied. After that, 
assessments were conducted on some reference 
variables such as lighting, air conditioner, and 
changes in roofing systems which could impact the 
building envelope label to assure better energy 
efficiency. 
 
3.1 Analyzed Building 

The Faculty of Mechanical Engineering (Fig. 2) 
contains ten buildings with three floors, with the 
blocks interconnected by corridors with or without 
halls.  
      Block B was selected for applying the 
WebPrescritivo [6] method since it mostly 
corresponds to an office environment. The 
prescriptive process is relatively fast to apply and can 
be used in most buildings for a preliminary analysis.   
  
Figure 2: 
Orientation according with to Geographic North of FEM 
buildings, with highlight to the analyzed block B [7, 
adapted] 

 
 
3.2 Assessment of energy performance 

An initial evaluation on the energy efficiency level 
was conducted by using the prescriptive method 
described in the Technical Regulation on 
Commercial, Services and Public Buildings Quality 
(RTQ-C, in Portuguese, 2017) [8]. The online 
instrument WebPrescritivo, available on the LabEEE 
website [6], was used for filling the data buildings. 
This tool facilitates the application of equations, 
features pre-requirements validations, and provides 
the global level of label efficiency of the building.  

The study case is a public higher education 
building located in the City of Campinas, Brazil. To 
assess the influence of a mechanism of retrofit on 
these buildings, it was chosen a standard building for 
office activities. The prescriptive method was 

Equipments
31%

Lighting
22%

Air-
conditio

ning
47%

 

applied in all scenarios. Initially, it was analyzed the 
building with real use. After that, assessments were 
conducted by changing some reference variables 
such as lighting, air conditioner, and changes in 
roofing systems which could impact the building 
envelope label to assure better energy efficiency. 

 
      Therefore, the Labeling process was applied by 
keeping the original design parameters and the 
existing equipment without any building 
intervention. After that, four scenarios were 
established to compare new parameters to a new 
labeling procedure.  
Thus, the established scenarios were: 
I. Revision only of the lighting parameter for the 
whole block. 
II. Revision only of the air conditioner parameter for 
the whole block. 
III. Joint adjustment of lighting and air conditioning 
parameters for the building. 
IV. Joint adjustment of lighting and air conditioning 
parameters and interventions on the roofing system 
of the building. 
 
4. RESULTS  
The four scenarios were analyzed by simulating with 
the new variables. The objective was to establish the 
achieved improvement in each scenario and the 
changing in the final labeling.  
Table 1 shows the results for each scenario 
simulation and the benefits to the building 

 
Table 1:  
Summary of results 

 

4.1. Energy performance assessment of the original 
project – no intervention 

Considering the original project, the proposal for 
labeling the block (envelope) and the rooms (lighting 
and air conditioning) was conducted, generating the 
results shown in Table 2. 

 
Table 2:  
Results of the Webprescriptive method applied to the 
building (original design) 
 

BLOCK B Envelope Lighting Air 
conditioner FINAL 

Labelling C B C C 
 

Through the data obtained with the labeling 
procedure, it was noted that the worst performance 
of this building fell on the parameters of the 
envelope and air conditioning, which reflected in the 
result for the final label of the building. As regarding 
to the envelope, this is due to the constructive 
design typology of the building: structural blocks, 
tilting windows that limit natural cross-ventilation in 
the rooms as well as the roofing type of the building, 
composed of fiber cement tile. As for air conditioning 
data, the low level of efficiency can be explained by 
the existence of technologically outdated equipment 
in the building, since window equipment with low 
aggregate energy efficiency was planned, which did 
not even have a label of efficiency. Although the 
lighting has achieved a satisfactory level of 
efficiency, it should be noted that the building's 
original lamps corresponded to the tubular 
fluorescent models, which have higher energy 
consumption when compared to LED lamps widely 
available on the market today. The main appeal of 
this technology is due to its low energy consumption, 
although it still has a higher initial cost than 
fluorescent ones [9]. 

 
4.2. Energy performance assessment based on 

the replacement of parameters from the original 
project 

By considering the initial results for the building, 
the assessment of its energy efficiency, 
modifications presented in the following subsections 
and the evaluation of the individual results are 
proposed. 

Four scenarios were established, as described 
below. 

 
4.2.1. Scenario 1 – Intervention only in lighting 

system 
From the replacement of the original lighting 

(tubular fluorescent lamps - 32W) by highly efficient 
(label A) tubular LED lamps (16W), the building label 
is proposed for each item as well as the final label. 

Simulation Intervention Action type Benefit for building 

Scenario 1 lighting 
Replacement of 
fluorescent tubes 
for LED  

Energy saving. 
There was no change in the general 
label. 

Scenario 2 air conditioning 

Replacement of 
old equipment 
for new one level 
A of Energy 
Efficiency 

Reduction of energy costs in the 
order of 40% 

Scenario 3 lighting and air 
conditioning 

Replacement of 
lighting and air 
conditioning 
systems 

Improvement in the overall quality 
and efficiency of the building. 
User comfort limited to these two 
parameters, as the envelope is still 
underperforming. 

Scenario 4 
lighting, air 

conditioning, 
envelope 

Replacement of 
lighting, air 
conditioning and 
roofing systems 

Reduction in heat exchange 
between the external and internal 
environment with the replacement 
of the covering material (Fiber 
cement tile for Metal tile with 
polyurethane). 
 
The reduction in thermal 
transmittance and absorbance 
results in improved thermal 
comfort and reduced energy 
consumption with air conditioning. 
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Based on the obtained results, it is worth 
mentioning two points: the first one corresponds to 
the fact that even by changing the lamps so that a 
lighting power density (DPI) equivalent to level A was 
reached, due to the prerequisites of the existing 
system, the lighting label reaches most level B. The 
second point concerns the fact that, with the 
replacement, the monthly energy consumption in 
the building decreases by about 50.54%, considering 
the building operation for 12h/day and twenty-two 
working days in a month. 

The result also shows that lighting alone was not 
able to change the general label in view of 
maintaining the other parameters with a significant 
weight in the composition of the available label. 

 
4.2.2. Scenario 2 – Intervention only in air 
conditioning 

The replacement of the 41 existing air 
conditioners with different ratings (A, B, and E) for 
appliances with efficiency levels classified as A, the 
proposal for labeling the building was made. 

The significant importance of air conditioning in 
the final building labeling as well as the replacement 
of all the appliances in the building resulted in an 
improvement in the general label, from C to B. In 
addition, it is important to emphasize the fact that 
the air conditioning system label moved from C to A. 
In addition, energy costs were significantly reduced, 
as can be seen in Table 2, since the equipment was 
of better efficiency and brought less consumption to 
the energy bill of the place, about 40%. 
 
4.2.3. Scenario 3 - Intervention in lighting and air 
conditioning 

Combining the substitutions made in sub-items 
4.2.1 and 4.2.2, the proposal for labeling the building 
was made. 

In this scenario, the replacement of existing 
lighting and air conditioning systems for new, more 
efficient ones showed an improvement in the overall 
efficiency quality of the building. However, it should 
be noted that the comfort of building users is limited 
to these two parameters since the envelope still 
shows low performance, and there was no retrofit 
evaluation for this system. Although there are 
energy savings by equipment with greater efficiency, 
they are used for a longer time to ensure the comfort 
and well-being of the occupants. The option for 
standardized construction techniques, materials, 
and projects, for distinct locations, without 
considering each region's specific climatic conditions 
and implementation negatively affects the 
performance of buildings and environmental 
comfort for users, resulting in environments not 
suitable for the proposed activities [10]. 

 

4.2.4. Scenario 4 – Intervention in lighting, air 
conditioning, and envelope 

With the combination of sub-item 4.2.3 
associated with the change in coverage, a label can 
be proposed for the whole building. 

The efficiency of the bioclimatic strategy is 
directly related to the type of material used in its 
facade and roof [11].  

By analyzing the project, it was verified that the 
type of roofing used in fiber cement structure, with 
high solar absorbance (74.5%) and high thermal 
transmittance (2.06 W/m2K), confers high heat gain 
to the building. Therefore, an improvement in the 
performance of the structure is suggested by 
replacing the roofing system with a sandwich tile 
with an air chamber larger than 5 cm (which allows 
changing the of 2.06 W/m²K thermal transmittance 
to 0.63 W/m²K), which reduces the solar absorbance 
of the roof to 37.2%. This tile uses insulating 
materials with low thermal conductivity, which 
means a decrease in heat exchange between the 
external and internal environment by up to 90%. This 
type of roof is extremely functional, with thermal 
properties that allow greater insulation from the 
external to the indoor environment and therefore 
more thermally comfortable. This is due to the 
higher thermal capacity of this component, favoring 
thermal inertia [12]. 
 
4.3 Results obtained for each scenario 

Table 3 illustrates the results obtained for each 
proposed change. 

 
Table 3:  
Results from the proposed changes 

 
 
By changing the three systems parameters, 

lighting, air conditioning, and envelope, for analyses 
of the thermal transmittance and solar absorbance 
of the roof, there was no alteration on the final label. 
Nonetheless, it was observed that only by changing 
air conditioning equipment it was possible to 
influence the final label. Furthermore, the combined 
alterations proved to be very effective in improving 
the last building label. Modifications in the envelope 
(roofing system) were able to promote, in 
combination, a significant change in the envelope 
label and, consequently, in the general one. 

It was observed that the replacement of 
conventional lamps for LED lamps reduced lighting 
energy consumption up to 50.54%. 

BLOCK B Envelope Lightning Air conditioner FINAL
Scenario 1 C B C C
Scenario 2 C B A B
Scenario 3 C B A B
Scenario 4 B B A B

 

By changing the air conditioning units, the energy 
savings was approximately 40%. In addition, 
modifications in the building roofing type increased 
the user's comfort and influenced their operation of 
the air conditioning system, which represents 48% of 
consumption.  

When changing the three systems parameters, 
lighting, air conditioning, and envelope, for analyses 
of the thermal transmittance and solar absorptance 
of the roof, there was no alteration on the final label. 
Nonetheless, it was observed that only by changing 
air conditioning equipment it was possible to 
influence the final label. Furthermore, the combined 
alterations proved to be very effective in terms of 
improving the last building label.  

Modifications in the envelope (roofing system) 
were able to promote, in combination, a significant 
change in the envelope label and, consequently, in 
the general one. 

It was observed that the replacement of 
conventional lamps for LED lamps reduced lighting 
energy consumption by 50.54%. 

By changing the air conditioning units, the 
energy-saving was approximately 40%. In addition, 
the modifications in the building roofing type not 
only increased the user's comfort but also influenced 
their operation of the air conditioning system, which 
represents 48% of consumption. 
 
5. CONCLUSION 
 

Given the results, it was observed that the 
retrofit practice for energy efficiency focusing on 
artificial lighting and air conditioning systems, 
besides being an environmentally acceptable path, 
remains as an option to obtain economic and energy 
savings. Distinctly of a simple recovering, which 
restores the building to its original condition, retrofit 
technique intends also to introduce an enhancement 
to the building. 

Therefore, retrofitting to reduce envelope 
gains/loss is a conservation strategy to pursue, at 
first to reduce the demanded equipment for air 
conditioning and lighting 

Due to economic restrictions and limitations for 
design changes in public buildings, the proposed 
adjustments were restricted to the roofing type and 
some interventions in the façades and limited to 
surface properties, such as solar reflectance.  

A possibility to be explored by further studies 
could be the evaluation of vegetation around the 
building to improve the performance of the 
envelope concerning insolation in the building and 
improvement in the thermal comfort of users. 

The rational use of energy is crucial to guarantee 
future demands and avoid waste. The bioclimatic 
context (sustainable) in architecture must ensure a 

good performance of the building, beginning from 
the design stage, prioritizing passive strategies and 
minimizing the use of energy for lighting and air 
conditioning. This means maximizing the use of 
natural resources saving energy throughout use. 

It is worth noting that by adapting a building to 
energy efficiency standards it is possible, in most 
cases, to increase construction costs. The concern 
with the insertion of the building in the environment 
must be constant, both in the phase of its conception 
and construction and on the part of the future users 
of the building, for whom it is important to provide 
the necessary environmental education. Hence, by 
applying retrofitting in a study case, it is shown the 
possibility to provide background to put forward 
benchmarking techniques for similar building types. 

The present study concludes that when changing 
the three systems parameters, lighting, air 
conditioning, and envelope, (for analyses of the 
thermal transmittance and solar absorptance of the 
roof) there was no alteration on the final label. 
Nonetheless, it was observed that only by changing 
air conditioning equipment it was possible to 
influence the final label. Furthermore, the combined 
alterations proved to be very effective in terms of 
improving the final building label.  
Modifications in the envelope (roofing system) were 
able to promote, in combination, a significant 
change in the envelope label and, consequently, in 
the general one. 
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ABSTRACT: Climate change is a critical global challenge in the 21st century, and urban design can increase these 
impacts. Thus, this work aims to evaluate through simulations, the influence of climate change on the internal thermal 
conditions of office buildings, considering different urban morphologies. The methodological process consists of: i) 
structuring and defining nine urban scenarios; ii) climate files Generation, using as a basis the RCP4.5 and climate 
projection of 2035 and iii) definition of the limits of thermal comfort and discomfort through the adaptive model. The 
results show that climate change will impact the internal conditions of buildings, mainly in terms of thermal 
acceptability for users. Urban scenarios 1, 2, and 3 exceed the upper limit in September, presenting discomfort due to 
heat in Cuiabá in the historical period and 2035. In Florianópolis, the month of May, which was below the lower limit 
in the historical period, in 2035 falls within the comfort range, i.e., becoming warmer. It is noteworthy that the influence 
of shading, as in scenarios 1A, 2C, and 3A of the surroundings, reduces heat discomfort and increases the hours of 
thermal comfort in the module. 
KEYWORDS: Climate Change, Adaptive Comfort, Urban Scenarios. 

 
 
1. INTRODUCTION  

In our cities, resilience, livability, and well-being are 
influenced by continuous urban densification, global and 
local climate change, and extreme heatwaves. The high 
temperatures in the future will lead to an increase in the 
energy demand of cooling in the buildings to maintain 
the comfort conditions in the buildings [1]. Thus, these 
changes impose new impacts on buildings and cities due 
to the increase in the average global temperature and 
changes in other microscale climatological variables, 
which consequently increase the internal temperature 
of buildings. 

The Intergovernmental Panel on Climate Change 
(IPCC) publishes reports in order to investigate the 
impact of climate change on energy resources, human 
activities, and extreme events, such as the last fully 
released, namely the Fifth Climate Change Assessment 
Report (AR5) [2]. Four scenarios of GHG emissions, air 
pollutant emission, and land use are described: one 
stringent mitigation scenario (RCP2.6), two intermediate 
scenarios (RCP4.6 and RCP6.0), and one scenario 
considering high-emissions (RCP8.5). 

Furthermore, cities are the main contributors to 
climate change, but at the same time, urban areas are 
also among the most vulnerable places in the world [3]. 
Because of this, in Brazil, more than two-thirds of the 

population is urban, and this number is expected to 
increase in the coming years, enhancing the impacts of 
climate change. 

Urban design can have a significant impact on climate 
change [3]. Furthermore, Mavrogianni et al. [4] stated 
that the shape of a building has a considerable effect on 
the variation of the indoor air temperature of buildings, 
especially when they are in an urban context. Thus, 
planning the urban morphology of the built environment 
on an urban scale is a fundamental issue for climate 
adaptation [5]. In the coming decades, sustainable urban 
planning must face two significant challenges: 
promoting adaptation measures to mitigate the local 
effects of climate change and moving towards a new 
energy paradigm. 

In this context, this work aims to evaluate the 
influence of climate change on the internal thermal 
conditions of buildings, considering different urban 
morphologies. 
 
2. METHODOLOGY 
The methodological process consists of: i) structuring 
and defining urban scenarios; ii) climate files generations 
iii) definition of the limits of thermal comfort and 
discomfort and iv) simulation of the thermal 

 

 

performance of the building in the naturally ventilated 
condition, considering the urban morphology (Figure 1). 
 
Figure 1:  
methodological process

 
 
 
2.1 Scenarios  

Modules defined the scenarios, and their dimensions 
are described in table 1, considering nine-block 
configurations in this research. 

 
Table 1:  
Dimensions of the analyzed scenarios 

ID Module 
(m) 

Urban 
environment 

(m) 
 

1A 3x3x3 3x3x3 
 

1B 3x3x3 3x3x6 

 

1C 3x3x3 3x6x3 
 

2A 3x6x3 3x6x3 
 

2B 3x6x3 3x3x3 
 

2C 3x6x3 3x3x6 
 

3A 3x3x6 3x3x6 
 

3B 3x3x6 3x3x3 
 

3C 3x3x6 3x6x3 
 

 
2.3 Climate files generation 

The Morphing methodology [6] has been widely used 
in current literature to generate future climate files. This 
methodology modifies a set of historical climate 
variables of 8,760 hours per year and incorporates the 
effects of global warming in the climate files, allowing 
the projection of the climate. However, to optimize and 

consolidate this process of generating future weather 
files, the research group Arup North America and Argos 
Analytics developed the WeatherShift™ tool. This tool is 
based on the combination of 14 General Circulation 
Models (GCMs). 

The tool provides the use of two emission scenarios, 
RCP 4.5 and RCP 8.5 from the Fifth Report (AR5) of the 
IPCC and three future climate projections, divided into 
20-year time slices, as follows: 2035 (period 2026-2045), 
2065 (period 2056-2075) and 2090 (period 2080-2099) 
and presents as results future climate files in EPW 
format, widely used in simulations of thermal and energy 
performance of buildings and cities. For this research, 
the 50% probability level represented climate change 
and the RCP4.5 emission scenario for the 2035 climate 
projection. 
 
2.2 Characterization of regions and study module 

The cities of Cuiabá-MT, located in the Brazilian 
savanna (central region), and Florianópolis-SC, located in 
the south of the country in the Atlantic Forest biome, 
were taken as the object of study. The climate profiles of 
these cities are classified as Tropical (Aw) and Tropical 
Humid (Cfa), respectively, in the Koppen-Geiger 
classification. 

The Inmetro Normative Instruction for the Energy 
Efficiency Classification of Commercial, Service, and 
Public Buildings (INI-C) [7] was taken as a reference for 
the insertion of constructive characteristics and pattern 
of use of the module under analysis. Thus, he considered 
the module as an office building, with internal and 
external mortar walls (2.5cm), ceramic brick (9cm) and 
fiber cement tile roof (1cm), attic with resistance > 5cm, 
and solid concrete slab (10cm ) as lining. The walls and 
roof have an absorbance of 0.5 and 0.8, respectively. The 
openings were considered the width and length of the 
module, with a sill and height of 1.0m. A single colorless 
glass of 6mm was used, with a solar factor of 0.82 and 
transmittance of 5.7W/m².K. 
 
2.2 Computer simulation 

EnergyPlus, version 9.3, was used, considering 
occupancy patterns, lighting power densities, and 
equipment according to (INI-C) [7]. The power density of 
lighting and equipment is 14.1W/m² and 15W/m². The 
occupancy density is 10m²/person, 10 hours, and 260 
occupancy days. The modules were considered naturally 
ventilated and with the windows open according to the 
occupancy schedule. 
 
2.4 Indicator of thermal comfort and discomfort 

The limits of comfort and thermal discomfort by heat 
by cold, on the criteria described by Dear and Brager and 
presented in Standard 55 [8], were used as comfort and 
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thermal discomfort indicators for naturally ventilated 
buildings. 

Thus, the hours of comfort and discomfort were 
computed considering the monthly average of external 
temperature (30 days) for Cuiabá and Florianópolis in 
the historical period and climate projection of 2035. The 
comfort levels are given by the neutral temperature (Tn) 
are defined in Equation 1. Moreover, the thermal 
acceptability limit adopted in this research is 80% 
described in Equations 2 and 3. 
 

 

Tn = 17.8 + 0.31 x TEmed (1) 
Tupper =Tn + 3.5               (2) 
Tlowr =Tn - 3.5               (3) 

Where: TC – Neutral temperature (◦C); 
TEmed – Prevailing mean outdoor 
temperature (◦C); 
Tupper – Upper limite (◦C); 
Tlower – Lower limite (◦C). 

 
3. RESULTS 
3.1 Analysis of the internal thermal conditions of the 
modules in the historical and future scenario 

Neutral temperatures will increase in the future 
scenario of climate change, with an increase of 0.42°C in 
Cuiabá and 0.80°C in Florianópolis (Table 2). 
 
Table 2:  
Temperature and neutral and adaptive comfort limits 

Cuiabá     
RCP 4.5 Current 2035 
Tn (°C) 26.01 26.43 
Upper 28.51 29.93 
Lower 23.51 22.93 

Florianópolis  
RCP 4.5 Current 2035 
Tn (°C) 21.00 21.80 
Upper 27.82 28.07 
Lower 20.82 21.07 

 
In Cuiabá, in the historical period, it is observed that 

in all urban scenarios, they are within the range of 
comfort limits, except for September, which exceeds the 
upper limit, presenting thermal discomfort due to heat 
(Figure 2). Scenarios 1, 2, and 3 cross the upper limit in 
September with average indoor temperatures above 
29.1°C, 29.05°C, and 28.9°C, respectively. 

Considering the impacts of climate change, there is 
an increase in internal temperatures in all months of the 
year, consequently making September warmer. 
However, it should be noted that the upper limits 
increase by +1.42°C, while the lower limits decrease by -
0.58°C. However, they fall within the comfort ranges in 
all months, except September (Figure 3). 

 
Figure 2:  
Monthly average temperatures and upper and lower limits in 
Cuiabá in the historical period

 
Figure 3:  
Monthly average temperatures and upper and lower limits in 
Cuiabá in RCP 4.5 in the period 2035

 
 
In Florianópolis, in the historical period, in all urban 

scenarios, it experienced cold discomfort from May to 
September, with average monthly indoor temperatures 
below 20.7°C (Figure 4). In the other months, the 
scenarios were within the range of thermal comfort. 

In future climate projections, internal temperatures 
become warmer, reducing the months in which the 
scenarios are below the upper limit; with the impacts of 
climate change, the month of May becomes warmer, 
staying within the comfort range. Thus, the months of 
July to September are below the lower limit, with 
average monthly internal temperatures below 21.07°C 
(Figure 5). In addition, it is observed that February and 
December showed an average increase of around 1°C. 
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Figure 4:  
Monthly average temperatures and upper and lower limits in 
Florianópolis in the historical period

 
 
Figure 5:  
Monthly average temperatures and upper and lower limits in 
Florianópolis in the RCP 4.5 in the period 2035

 
 
In this context, it is observed that the impacts of 

climate change will influence the internal temperatures 
of buildings, increasing the months that are at risk of 
thermal discomfort. In Cuiabá, this risk occurred in 
December, January, and February, which increased by 
around two °C in RCP4.5 in 2035. In Florianópolis, this 
risk occurred in December and February. 

In addition, it is noteworthy that the urban scenarios 
presented internal temperatures with minimal 
differences; however, scenario 3A presented lower 
internal temperature values, which can be justified by 
the fact that the module is more shaded by the 
surroundings. Scenarios 1A, 1C and 2A, and 2B present 
higher values of internal temperature in all analyses, as 
they present facades exposed to radiation and little 
influence of the surrounding shading. 
 

 

3.2 Analysis of the comfort and discomfort conditions 
of the modules in the historical and future scenario 

They are analyzing the conditions of thermal comfort 
and discomfort through the internal temperatures of the 
modules and their formats of urban scenarios. 

Scenario 1A, in Cuiabá, had the highest days in heat 
discomfort, from 92 days in the historical period to 136 
days in 2035, increasing by 32%. Consequently, hours in 
comfort decreased by -18% compared to the historical 
period, in scenario 1A (Figure 6). In addition, it is 
noteworthy that in all scenarios, the hours of heat 
discomfort increased in future climate projections, 
especially for the scenarios that present larger areas of 
facade and openings exposed to radiation, such as 1A, 
2B, 3B, and 3C. 
 
Figure 6:  
Days in comfort and thermal discomfort in Cuiabá 

 
In Florianópolis, urban scenarios 1 and 2 had the 

longest days in cold discomfort, with an average of 152 
days in the historical period (Figure 7). This fact may have 
occurred because the ceiling height of the module is 
3.0m, while modules 3 A, B, and C have a ceiling height 
of 6.0m. It is noteworthy that they did not exceed six 
days in heat discomfort in all scenarios in the historical 
period. 

Considering climate changes, hours in comfort 
increase by around 14% in scenarios 1 and 2 and by 15% 
in scenarios 3 (Figure 7). The days in discomfort due to 
cold decrease and, consequently, the days in discomfort 
due to heat increase about the historical period. 
Scenarios 1 and 2 had longer days in heat discomfort, 
with an average of 14 days. 
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Figure 7:  
Days in comfort and thermal discomfort in Florianópolis 

 
In this context, it is observed that in hot climates, 

such as Cuiabá, the days in thermal discomfort increase 
and the days in comfort decrease, in both urban 
scenarios. Moreover, in climates where the 
predominance in the historical period was discomfort 
from cold, with the influence of climate change, this is 
reduced, increasing discomfort from heat, as in 
Florianópolis. 
 
4. CONCLUSION 

Climate change will impact the internal conditions of 
buildings, mainly on issues of thermal acceptability for 
users. Thus, it is observed that the limits of acceptability 
increase in future climate projections; however, even 
considering that the user adapts, urban scenarios 1, 2, 
and 3 exceed the upper limit in September, presenting 
discomfort due to heat, in Cuiabá in the historical period 
and 2035. 

In Florianópolis, the impacts of climate change 
increase external temperatures, influencing internal 
temperatures and, consequently, reducing discomfort 
due to cold. Thus, the month of May, which was below 
the lower limit in the historical period, in 2035 falls 
within the comfort range, that is, becoming warmer. 

It is noteworthy that the influence of shading, as in 
scenarios 1A, 2C, and 3A of the surroundings, reduces 
the hours of discomfort due to heat and increases hours 
in thermal comfort in the module. Well, as the influence 
of the ceiling height as in scenarios 3. Thus, the influence 
of the urban environment can be substantial for the 
mitigation of these effects through the increase of 
shading and reduction of exposed areas. 
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ABSTRACT: Unauthorised activities, sometimes called ‘informal’ activities, have long been part of urban life. They 
routinely occupy or appropriate urban spaces, revealing new functions of these places. This study aims to explain 
what factors motivate residents to recover existing public spaces for gardening and development processes, uses 
and responsibilities. Additionally, this work develops detailed knowledge of the determinants of space 
production to identify the role the temporal use of public space can play in sustainable urban planning 
strategies. Drawing on empirical evidence from Piura, Peru, this multi-method approach uses interviews, 
observations and documentary materials or mediated data to yield a description of multiple processes at this 
research site. Furthermore, a field analysis shows why people transform such spaces, confirming that a major 
potential benefit lies in enhancing the ecological knowledge of urbanites. The latter process includes cultivating 
an appreciation of the role that urban gardens can play in promoting sustainability and life qualities. These 
findings contribute to a deeper understanding of the role that the informal use of public space can have in urban 
planning and development strategies. Thus, social justice-oriented planners in Piura can use these processes as a 
guide to build a more inclusive, responsive and equitable city.  
KEYWORDS: Informal practices, Public space, Urban gardening 
 
 

1. INTRODUCTION  
The emergence of informal production has 

become one of the critical challenges of 
urbanization in recent decades. Informal or self-
constructed spaces are largely the product of local 
self-management processes, which play an 
important role in the physical dynamics of the city. 
Informality is often associated with procedures that 
occur outside formal processes and regulations 
(Roy, 2005). Today in many cities around the world, 
these activities are integral parts of everyday urban 
landscapes and everyday life systems (Hou, 2020; 
Iveson, 2013). With regard to informal activities, 
Marx and Kelling's (2019) do not focused on the 
formal-informal differentiation, but on the activities 
of residents. They introduce a focus on social and 
spatial organization and how people make the city. 
In this context, it is recognized that some activities 
that may be considered informal have a significant 
social effect on urban life. 

This research focuses on how such spaces are 
produced through a variety of processes and 
activities, allowing residents to become the main 
social actors in the development of a city. According 
to studies on space and place Tuan (1977), Soja 
(1999), or Massey (1994), argue that a basic entity, 
becomes a place when meaning is attributed to it. 
The physical and social production of public space 

validate that there is a close relationship between 
people and urban space, and this relationship 
contributes to spatial transformation. 

Although inhabitants are often disadvantaged 
and in conflict with urban plans or land occupation 
laws, they express their claims in ways that 
challenge the official uses of urban space (Shortell 
and Krase, 2011). However, the use of the informal 
spaces is rarely included in governmental policy 
papers and is often described as an ad hoc or 
temporary activity. In this context, reference is 
made to the concept of insurgent citizenship to 
characterise the claims of members of the subaltern 
society (Devlin, 2018). This movement equates 
urbanism with the physical realm, asserting that 
small-scale intervention in material form can 
positively impact the everyday lives of urban 
residents. ‘The settlers transform their urban spaces 
with daily, functional and symbolic use’, according 
to Hernández García (2014, p. 172). This author 
argues that the social construction of space relates 
to the interaction of individuals with a space. Thus, 
public space involves a complex confluence of 
actors who display active citizenship through 
various forms of appropriation (García-Arias and 
Hernández-Pilgarín, 2019).  

In developed countries, studies on the practice 
of urban gardens have a long history. Currently, this 
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practice is considered community gardening, the 
use of vacant lots or city land for small-scale 
agriculture and community space. This work owes 
much to the pattern of abandonment of urban 
spaces and a concomitant increase in civil and 
environmental rights activism in neighbourhoods 
(Eizenberg, 2012; Hou, 2014). Guitart et al. defined 
community gardens as ‘open spaces which are 
managed and operated by members of the local 
community in which food or flowers are cultivated’ 
(2012, p. 2). In this context, Mares and Peña (2010) 
affirmed that ‘urban gardens often embody a 
pattern of resistant uses and the recodification of 
space wherein local neighbourhoods and 
communities assert control of places for communal 
uses that lie outside the purview or control of the 
market’ (p. 253f.). Research on communitarian 
gardening explores this practice’s role as an 
alternative method for fostering a good 
environmental and social balance. The concept of 
sustainability is crucial in this process, as it has been 
used to build more inclusive and resilient cities and 
neighbourhoods (Ioannou et al., 2018). In this vein, 
the model of the potential contributions of urban 
agriculture to sustainability objectives defined by 
Vásquez-Moreno and Córdova (2013), links three 
dimensions (environmental, economic, social-
cultural) with a broad range of topics, such as social 
equality and community building, health, visual 
quality and provision of urban green, and 
ecosystem services. This framework has increased 
interest in the emergence of informal gardens 
across the developed and developing world 
(Hardman et al., 2018). 

For instance, this practice has occurred in Piura, 
Peru, where many informal urban gardens have 
been created in recent years by communities to 
transform public spaces and the city. Neighbours in 
the area care for these spaces using their own 
financial resources and add elements such as 
benches or vegetation.  Notably, during the COVID-
19 pandemic, the use of small urban spaces and the 
implementation of urban gardens has increased. 

Piura has experienced accelerated urban growth 
in the last 60 years, also a trend at the national 
level, driven by the need for housing and the 
occupation of urban land (through invasions or 
illegal land markets). However, mechanisms 
established by the law gave certain legality to these 
process (e.g., one must obtain a certificate of 
possession of the lot or be registered) (Cockburn, 
2019). This is not recognised by official planning 
committees, but it is considered a marginal 
urbanisation process. 

Based on previous research on typologies of 
produced public spaces, this study aims to illustrate 
what factors motivate residents to recover existing 

open public spaces for gardening and plant 
cultivation and their development processes, uses 
and maintenance requirements. Thus, this research 
seeks to develop a detailed explanation of the 
determinants of space production and related 
barriers to reveal pertinent forms of intervention to 
improve the quality of life of a community. 
Additionally, this work evaluates the potential value 
of the community gardens for the urban realm and 
identifies ways that such bottom-up movements 
can be supported and how the temporal use of 
public space can enhance sustainable urban 
planning and development strategies. 

Notably, the results of this study are linked to 
those of a study within the project MGI 
Morgenstadt Global Smart Cities Initiative, which, 
among other things, analysed citizens’ perceptions 
of and implications for public space planning. 
 
2. METHODOLOGY 
This study’s approach involved selecting and 
studying one initiative of the production of informal 
community gardens. The site selection of the 
initiative in the Human Settlement of Santa Rosa in 
the city of Piura was based on the presence of an 
informal gardening initiative began by the 
neighbours without municipal support. The latter 
was confirmed by fieldwork prior to the 
investigation, which showed the location in the 
central city, where urban gardens are less common, 
as opposed to the outer suburbs. Santa Rosa was 
one of the first areas of the city occupied by 
migrants from the rural areas of the region. The first 
houses were auto-constructed between 1960 and 
1980. From this time on, both constant 
improvement and incremental changes have been 
observed. Since its formalisation, the settlement 
has remained in a continuing process characterised 
by the co-evolution of architecture and urban 
design.  
 
Figure 1: 
Site selection. Human Settlement Santa Rosa, Piura. 
Illustration: author. 

 
 

Figure 1 shows the site of the case study with a 
range of gardens implemented around an empty 

 

park area that is used as a community space. The 
size and individual location of each garden relate to 
the plot of the resident taking caring for that space. 

The field work was conducted from July to 
September 2021. A multi-method approach using 
interviews, observations and documentary 
materials or mediated data yielded a description of 
multiple processes at the research site. 
Observations covered the activities and those in 
charge in these areas at different times during the 
week. A questionnaire was applied with residents 
and users to understand the quality, the impact of 
the gardens and external support needed. 
Additionally, due to the current situation, the field 
of interest was included if the pandemic changed 
the uses and maintenance of the space. 
 
3. RESULTS 

Most of these areas are clearly delimited with a 
fence, and the materials used in these places have 
included wood, bamboo and recycled materials like 
corrugated sheet iron or tires, as illustrated in 
Figure 2. Other gardens show clear delimitation 
through vegetation as natural fences. Moreover, 
some areas are used as storage rooms, parking 
areas, places to dry laundry or other domestic uses 
not necessarily related to gardening. 
 
Figure 2:  
Photo of a sample garden. Photo: author 

 
 

The field analysis confirmed that before the 
construction of the urban gardens, many aspects of 
the design and maintenance of the city’s public 
spaces had been unsatisfactory, which helps to 
explain the informal production behaviours of the 
inhabitants. In this work, the questionnaire 
obtained responses from 20 local gardeners, all of 
them homeowners. Of these respondents, 80% had 
lived longer than 20 years in the sector, 50% were 
between 41 and 60 years of age, and 25% were 
between 25 and 40 or over 60 years of age.  

According to this questionnaire, the main 
reasons that people transformed the space into 
gardens. were to have a green space or a garden of 

their own (28%) and to improve their 
neighbourhood environments (32%). Another 16% 
were seeking spaces to grow products such as 
fruits, vegetables or medicinal plants. Additionally, 
most residents said that planting was their personal 
hobby and indicated this activity was an effective 
way to use one’s free time when living in urban 
communities. Many residents were migrants from 
the mountain parts of the region, where everyone 
has a garden and grows fruits and vegetables. 
Therefore, these people brought this custom to the 
city of Piura. Others had seen the green spaces and 
decided to create similar spaces for themselves. 

Figure 3 confirms that a major potential benefit 
lies in enhancing the ecological knowledge of 
urbanites, including an appreciation of the role that 
urban gardens can play in enhancing both 
sustainability and quality of life. In this vein, 100% 
of the interviewees indicated that the intervention 
had notably improved the urban climate, and 96% 
confirmed that air quality had improved. Another 
80% of those interviewed observed a greater 
presence of local fauna.  
 
Figure 3: 
Evaluation of positive impact of the urban garden. 
Illustration: author. 

 
 

However, regarding maintaining the gardens 
under sustainable aspects, Figure 4 shows that most 
of the respondents had not installed systems 
allowing the collection, storage and reuse of 
rainwater for irrigation purposes. Furthermore, 
barely 30% of the respondents had created 
composting sites to support fertilisation and soil 
health. In terms of species selection, the results 
indicated that most of the neighbours had planted 
native plant species in the area and ancient 
vegetables to maintain the region’s natural and 
cultural heritage.  

These gardens present a dynamic living space. In 
these spaces, informal production began at the 
initiative of certain neighbours. After this point, the 
gardens were slowly constructed. The spaces were 
not definitive or finished but constantly being 
improved, an incremental transformation. This 
process began with a small space with few plants 
and continued with the construction of pergolas, 
furniture or fences or the cultivation of medicinal 
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plants or vegetables. With time and transformation, 
these spaces even adopted new functions. 
 
Figure 4:  
Implementation of sustainable systems and use of native 
vegetation. Illustration: author. 

 
 
These gardens offer the possibility of activities 

that are generally rare in the public realm (but not 
particularly unusual in private spaces), such as 
gardening, painting, grilling and planting trees. 
These activities are usually restricted to private 
settings, such as back gardens. For many, gardening 
has become an important activity, but various 
activities go far beyond gardening, as demonstrated 
in Figure 5. Additionally, depending on the time of 
day, the use of these spaces could change. Many 
residents confirmed that they use these areas for 
relaxing and in summer neighbours appreciate the 
green garden outside of their house. More than half 
of the interviewees stated that they use the space 
every day. In this sense, such spaces have the clear 
function of creating social networks and thus 
creating a community. 
 
Figure 5:  
Activities related to the community gardens. Illustration: 
author. 

 
 

Notably, the pandemic changed the 
respondents’ behaviours regarding the use and 
maintenance of these spaces, and 92% of the 
interviewees said that space had become more 
important to them than it was before. Most agreed 
that they were now spending more time in the 
space cultivating fruits and vegetables. Additionally, 
the garden space now serves as a space for social 
gatherings and community meals. 

The interest shown by the population in the 
initiative has been necessary to encourage public 
and private institutions to cooperate and support 
local actions taken in the neighbourhoods. 

Furthermore, the questionnaire asked how the 
public and private sectors could support community 
garden initiatives to make their implementation 
easier and more sustainable over time. Figure 6 
demonstrates that the main needs in this process 
include water and energy supplies; education and 
training programs (related to gardening techniques, 
local plant species and construction); access to 
tools; and subsidies for elements such as seeds, 
plants and construction materials. 
 
Figure 6:  
Support needed by the community to maintain and 
improve their gardens. Illustration: author. 

 
 
4. DISCUSSION 

In studies on urbanism, informality is a form of 
fluid, resilient and flexible urbanisation that fills the 
gaps left by the incapacity or indifference of the 
State (Fawaz, 2017; Marx and Kelling, 2019). In this 
empirical study, the absence of a formal process is a 
significant condition that influences the production 
of the public space. The lack of formal ownership of 
such areas facilitates residents to act in a relatively 
unprecedented way in an urban public space. This 
action is different from that of a formal public 
space, where local parks and open spaces do not 
require any action from their users because 
production and maintenance are conducted by 
government institutions. Acting outside of the 
formal some other dilemmas might occur as well. 
For example, residents reported damage of 
vegetable plots or theft of plants and trees. 

The case of Santa Rosa describes how a space 
was slowly transformed into a community garden. 
Gardening, as an informal production, takes place 
with a lack of public management, neglected public 
infrastructure and disregard for the living needs of 
residents, such as their personal sentiments, social 
activities and green areas.  

Studies like one by Reynolds (2007) supported 
the idea of adopting an informal route in cities to 
add character and diversity to the local landscape. 
Crane (2013) highlighted the creativity and 
innovation of the gardeners transforming unused 
land for urban agricultural action. Furthermore, 
vegetable plots can enhance community vitality 
(Poulsen et al., 2014) bringing people together to 

 

maintain physical health, and to learn new practical 
organic gardening skills (He and Zhu, 2018). 

Municipalities and local authorities can embrace 
and enable such activities across the city, and more 
residents can engage in informal activities and feel 
empowered to revitalise the urban environment. 
Furthermore, as argued by Hardman et al. in the 
case of Salfort, UK, ‘This in turn has enabled the 
local authority to entice those practising informal 
action onto a more legitimate path, through 
offering land to enable their action to grow and 
have a wider impact on the city’s inhabitants’ (2018, 
p. 7). However, as seen in the study of He and Zuh 
(2018), many people are still against informal 
community gardening, primarily because they see 
them as the invasion of public resources that 
planting vegetables on public green spaces could 
lower their standard of living. 

Currently, the community discussed in this study 
does not have adequate guidance to sustain their 
gardens over time to generate a cycle of learning 
for future generations. As stated by Costa et al. 
(2016) community gardens provide great benefits at 
a very local level, however, many times represent a 
disconnected experience and, therefore, a 
dysfunctional resource regarding connectivity to 
other green elements of the city and deliver fewer 
public benefits than they have the potential for.   

As presented in this study, the demand for 
capacity building is a crucial factor for local 
initiatives. Especially in the face of a changing 
climate, it is essential to raise awareness in 
communities about ecological and sustainability 
issues. The lack of knowledge regarding these 
aspects influences the conservation and 
maintenance of urban gardens, and this study 
identified a crucial factor that limits the capacity of 
local initiatives in futureproofing these people’s 
neighbourhood. Three important factors must be 
considered by residents that influence the 
improvement of the gardens and thus the 
regeneration of a city that is resilient to climate 
change. These residents must consider these 
factors: first, the management of organic waste and 
soil recovery (composting); second, the 
management of wastewater; and third, general 
knowledge about sustainable urban agriculture. 

Furthermore, regarding the urban sustainability 
objectives of Vásquez-Moreno and Córdova (2013) 
mentioned earlier, certain aspects should be 
highlighted and included in further planning studies 
on this subject. For instance, an area’s residents 
should improve water availability and the 
installation of systems and infrastructure to 
properly treat wastewater and make it available for 
the irrigation of public green space. The latter 
process can reduce the stress of available 

freshwater resources. Capacity building and the use 
of organic waste can be used in this type of urban 
intervention to obtain organic fertiliser. The latter 
increases the productive capacity of the soil; is 
economical; and avoids the use of artificial 
fertilisers, thus reducing pollution. Moreover, the 
importance of planting species native to the area 
helps these species grow properly because they are 
adapted to local conditions, use fewer resources for 
their development and preserve the balance of 
ecosystems. Therefore, the continuous 
improvement and adaptation of such management 
practices is crucial to maintain sustainable and 
climate-resilient urban green spaces. In this vein, 
neighbourhood associations can play an important 
role in this process as a link between residents and 
local governments.  
 
5. CONCLUSION 

In rapidly growing cities, such as Piura, especially 
in developing and transitional countries, green 
areas, environmental quality and the capacity to 
provide ecosystem services are increasingly under 
pressure. The study of informal community gardens 
within the Human Settlement of Santa Rosa proves 
the need of the residents to claim urban land by 
cultivating open spaces, in unbuilt and undeveloped 
green areas on the level of the neighbourhood.  

The objective of this paper was to illustrate 
what factors motivate residents to recover existing 
open public spaces for gardening and plant 
cultivation and their development processes, uses 
and maintenance requirements. It evaluated the 
potential value of the community gardens for the 
cities regarding climate change and identifies ways 
that such bottom-up movements can be supported 
sustainable urban planning and development 
strategies which largely correspond to the needs, 
expectations, possibilities and symbolic 
constructions of its inhabitants. Recognizing the 
determinants of the genesis of the space and, 
consequently, raising awareness about this concept 
in the city, together with the adoption of the 
appropriate regulations, would be of immense 
relevance for greater flexibility and timely change. 

In this vein, the findings contribute to a deeper 
understanding of the role that the temporary and 
informal uses of public spaces (in this case, urban 
community gardening), can play in urban planning. 
Social justice-oriented planners can learn and use 
these processes to develop more inclusive, 
responsive and sustainable cities. However, actions 
prevent a certain security and stability. 

Finally, the definition of synergy allows one to 
interpret how informal production in a public space 
influences that space’s built environment. In this 
study, this definition has enhanced the planification 
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of new urban gardening projects in Piura, using 
citizen engagement as important pillar. The more 
actors involved in climate change adaptation and 
mitigation processes, the greater the impact will be 
on society and, above all, the environment. 
Nevertheless, it underscores the importance of 
establishing a municipal program and supporting a 
governance system for urban gardening initiatives 
and informal land use. 
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ABSTRACT: Climate changes resulting from human activities after the Industrial Revolution lead to several 
consequences, such as sea level rise (SLR). The most pessimistic estimates of greenhouse gas emissions (GHG) in 
the atmosphere indicate that the oceans can rise almost 1 meter and Brazilian coastal cities should suffer from 
this phenomenon. The city of Vila Velha was chosen as a case study, with the objective of evaluating the risks of 
SLR caused by climate change and verifying whether the strategies for land occupation, zoning and construction 
of buildings provided in the municipal master plan of Vila Velha take into account the predicted effects of global 
warming. As a methodology, 3 steps were carried out, which consisted of preparing maps of future sea level in the 
city, classifying the different degrees of impact and systematizing the data in a table. The results show that, even 
in optimistic scenarios, a portion of the city tends to be submerged and, in the worst heating scenarios, only 0.3% 
of the population won't be directly impacted. It is possible to observe gaps in the municipal masterplan that must 
be corrected in its future versions to contemplate climate change and reduce the vulnerability of the population.   
KEYWORDS: Climate change; Sea level; Masterplan.  
 
 

1. INTRODUCTION 
It is known that after the Industrial Revolution of 

the 19th century, human activities generated climate 
changes that caused global warming [1], leading to 
several consequences, such as the increase in the 
frequency of weather extremes, extinction of some 
species and the sea level rise (SLR).  

The Intergovernment Panel on Climate Change 
(IPCC) [2], in its fifth report, entitled AR5, argues that 
the magnitude of the consequences of global 
warming will depend on the mitigating actions that 
will be taken to reduce greenhouse gas emissions 
(GHG). Thus, four scenarios were proposed based on 
trajectories of concentration of GHG in the 
atmosphere, the RCPs. The RCP2.6 scenario 
considers low emissions and is the most optimistic, 
the RCP4.5 and RCP6.0 scenarios consider 
intermediate emissions and the worst scenario, with 
high emissions, is called RCP8.5.  

It is expected that even the scenario of RCP2.6 
can already lead to a minimum increase in 
temperature of 1.5°C, which is the maximum value 
intended by the signatory countries of the Paris 
Agreement in 2015. If no action is taken towards a 
reduction of greenhouse gas emissions, going in the 
direction of RCP8.5, the planet can exceed a 4°C 
increase in temperature.  

Coastal areas are among the regions most 
affected by global warming, as a result of the rise in 
sea level, with expectations of flooding. According to 
the different scenarios proposed by the IPCC report, 
there is an expectation that the different RCPs 
scenarios will lead to different values of global sea 

level rise. As can be seen in Figure 1, even the RCP2.6 
scenario would already allow an elevation of about 
60 centimetres at the sea level. The most extreme 
scenario in the report, RCP8.5, already contemplates 
the possibility of a rise in sea level close to 1 meter 
compared to the current level of the ocean. 

 
Figure 1 (to be continued):  
Sea level rise projection [3] 
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Figure 1 (finish):  
Sea level rise projection [3] 

 

 
 
In view of these future estimates, it is important 

to map the areas with the greatest vulnerability to 
this threat, that tend to be flooded, so that measures 
can be taken to prevent and adapt the city to the 
effects of climate change that must be included in 
public policies related to the planning of cities. 

One of the ways to do this is through municipal 
masterplans (PDMs or Planos Diretores Municipais, 
in portuguese), which are laws that guide the use 
and occupation of land in urban areas, dividing the 
city's territory into different zones with specific 
characteristics. Among the aspects considered in the 
elaboration of municipal zoning, there are different 
interests, such as preserving nature, places of 
historical importance and promoting the quality of 
life of the citizens. This legislation constitutes, 
therefore, an instrument to ally municipal interests 
in the economic, physical and social aspects [4]. 

It is also necessary to take into account the large 
number of dwellings in situation of poverty and 
irregularly built in Brazil, often in places of high risk 
of suffering disasters, such as the slopes, which 
become even more vulnerable with climate change, 
including floodings [5]. 

In Brazil, a legislation called Estatuto da Cidade 
[6] determines that the PDMs are mandatory for 
cities with more than 20,000 inhabitants and 
constitute the basic instrument of the policy of 
development and expansion of the urban area of a 
city, covering its entire territory. The law also states 
that the masterplans must be reviewed 
continuously, with a maximum interval of 10 years 
between each of them. 

The Brazilian coast is composed by 274 
municipalities, across 17 states and more than eight 
thousand kilometers in length [7], being one of the 
biggest coastal zones on the planet and being 
directly influenced by the effects of sea level rise 
resulting from climate change. 

One of the cities that is part of the Brazilian 
coastal zone is Vila Velha, located in the Southeast 
region of the country, neighbouring the city of 
Vitória, which is the capital of the state of Espírito 
Santo, and with an estimated number of 414.586 
inhabitants [8]. Vila Velha, due to its geographic and 
population characteristics, was chosen as a case 
study which makes it an example of fragility in 
relation to the Brazilian coast. 

Vila Velha's urbanization process is relatively 
recent, dated around half of the 20th century. The 
population growth is not followed by an organization 
of land use that preserves areas of inundation. Even 
today there is a lack of efficient solutions that 
combat the flooding in urban areas. Otherwise, the 
municipal administration wants to limit the excessive 
occupation on the seafront [9], what helps to 
minimize the damages caused by sea level rise. 

The current Municipal Masterplan of Vila Velha 
(PDM) was launched in 2018, and should be 
reviewed in the next 6 years, according to the 
Estatuto da Cidade. In it, there is a division of the 
municipal territory in zones with different 
characteristics, such as environmental or social 
interest, priority occupation, and others. 

Among these zones, the Priority Occupancy 
Zones (Zonas de Ocupação Prioritária, ZOPs), which 
correspond to the part of the city's territory with the 
best infrastructure or with the potential for great 
improvement, where the encouragement of urban 
densification and renewal must occur, and the Zone 
of Special Interest (Zonas de Especial Interesse, ZEIs), 
which comprise areas that require differentiated 
treatment for the purpose of applying the 
parameters and instruments of urban policy and for 
inducing urban development, can be highlighted 
[10]. 

However, it must be verified if the zones are in 
accordance with future climate projections, 
especially regarding to sea level rise, given that the 
city already suffers from flooding. In addition, it can 
be mentioned that the master plan also regulates the 
architectural characteristics of new constructions, 
having the power to impose constructive 
requirements compatible with the new expected 
climatic reality. 

 

   
 

Thus, the objective of the research was to assess 
the risks of rising sea levels caused by climate change 
through a case study in the city of Vila Velha in the 
state of Espírito Santo (Brazil) in order to provide 
data for the definition of coping strategies to be 
used, adopted by the municipal government, and 
verifying if the strategies of land occupation, zoning 
and construction of the buildings foreseen in the 
PDM take into account the predicted climate 
changes. 

It is noteworthy that the results obtained in the 
research can be replicated for other similar 
conditions in Brazilian coastal cities, since Vila Velha 
has characteristics in common with the others, being 
a typical example of a Brazilian municipality bathed 
by the sea. In this way, the study can serve as a basis 
to be replicated in other scenarios, indicating 
possible gaps and paths to be followed by other 
coastal municipalities. 

  
2. METHODOLOGY 

The methodological procedures for the 
elaboration of the analysis of the areas affected by 
the sea level rise (SLR) in Vila Velha were divided into 
3 stages. 

The first step consisted of obtaining the file in 
.KML format, compatible with the Google Earth 
software, available on the ClimateCentral website 
[11], containing estimates of sea level rise which may 
occur as early as this century or as late as the year 
2200, depending on the level of pollution, 
compatible with different greenhouse gas emission 
scenarios, the RCPs, contained in the IPCC AR5 [2]. 
The file was prepared from previously published 
studies [12]. 

Then, the file obtained was superimposed on the 
map of the administrative division of Vila Velha, in 
order to observe the impact of each scenario on the 
neighbourhoods. Five levels of impact were 
established, which received scores from 0 (zero) to 5 
(five), in the following order: 0: unaffected 
neighbourhood; 1: little impacted neighbourhood 
(less than 30% of the area); 2: medium impacted 
neighbourhood (less than 50% of the area); 3: 
impacted neighbourhood (about 50% of the area); 4: 
heavily impacted neighbourhood (more than 50% of 
the area); 5: fully impacted neighbourhood (all 
impacted area). Analyses were visually estimated 
using .KMZ files. 

The data obtained were systematized in tables 
with the objective of generating graphs for future 
analyses. For better visibility of the results, the 
neighbourhoods were grouped into 5 regions (called 

regiões administrativas), according to the division of 
the Municipality of Vila Velha available in .KMZ 
format [13]. Each region has its own characteristics 
in terms of economic, social and developmental 
aspects. Using the data provided by the city hall, 
were also computed the data on the affected 
population, households and percentage in relation 
to the total of each region, for each heating scenario 
and taking into account the current population data 
available. 

After this process, data was sought in the 
Municipal Masterplan of the city of Vila Velha [10], 
on the zoning profile of the municipality to generate 
qualitative analyses. Also, it was sought in other 
legislation referring to some public initiative to 
increase Urban Resilience. In addition, literature 
reviews were carried out to better understand the 
needs and solutions to combat and respond to floods 
caused by possible scenarios of sea level rise caused 
by climate change. 
 
3. RESULTS 

As a coastal city, Vila Velha will have direct 
impacts with the rise in sea level. However, this 
effect will not be homogeneous across the territory 
and could have serious consequences for the 
dynamics of the municipality. Correlating with the 
local reality and with the occupation forecasts 
marked by the masterplan, many of the affected 
areas are potential places for development and 
accommodation of population growth. 

Currently, Vila Velha already suffers from the 
effects generated by pluvial floods, since the use and 
occupation of the soil, historically, has not proved to 
be efficient for the preservation of fragile and 
floodable areas, such as the banks of rivers and 
streams. This demonstrates that sea level rise should 
be considered as it directly impacts hydrological 
systems and drainage, in addition to the direct 
consequences of sea level rise mentioned in this 
article. 

The results of the total number of affected 
neighbourhoods in each region can be seen in Figure 
2. In scenario 01, the most optimistic, it is already 
possible to see neighbourhoods totally affected in 
regions 01 and 02, where, according to the PDM, 
there are axes of municipal growth. 

In the following scenarios, there is an increase in 
the number of neighbourhoods totally affected in all 
regions, consequently decreasing the 
neighbourhoods that will have a smaller part of their 
territory flooded. 
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Figure 2:  
Affected neighbourhoods. 

 
 
Only regions 3 and 4 have neighbourhoods that 

will not suffer any flooding, even in the worst 
scenario (04), as they are in higher altitude regions. 
Bearing in mind, however, that access to these 
places tends to be compromised due to the flooding 
of lower level areas in the surroundings. 

It is possible to notice that, in the most critical 
scenario, region 2 presents the worst forecasts, 
given that of its 21 neighbourhoods, 15 will be totally 
affected. Region 1 will also be heavily affected, as 16 
of its 18 neighbourhoods fall under impact levels 4 
and 5. 

The two regions are home to most of the areas 
described by the PDM as priority occupation zones, 
that is, the spaces in the city with more 
infrastructure designed to accommodate population 
growth, called ZOPs (Figure 03). 

The regions highlighted in yellow on the map 
represent the Priority Occupancy Zones (ZOP) and 
the ones marked in pink are the Special Zones of 
Social Interest (ZEIS). When applied to the zoning of 
the Flood Shapefile, it can be noted that the priority 
occupation areas will be less affected in the best 
scenario (1.5°C), but as the increase in the planet's 
temperature intensifies, the function of 
accommodating the growth population will be 
compromised. 

The Region 5, which houses most of the areas 
intended for social housing, is practically all flooded 
with an increase of 3°C. 

 

Figure 3:  
Administrative regions of the municipality of Vila Velha and 
priority occupation zones. 
 

 
 

From Figure 4, it can be noted that, in relation to 
the total population affected, even in the low-
emissions scenario, with only 1.5°C of increase in 
global temperature, only 31.2% of the population 
would be in unaffected neighbourhoods. As 
emissions intensify, it is visible that the degree of 
impact on neighbourhoods becomes greater and 
covers more and more the population of the 
municipality. 

In the scenario of a 4°C increase in temperature, 
it is expected that only 0.3% of the population will 
not suffer any impact, with more than 50% of the 
inhabitants currently living in neighbourhoods that 
are predicted to be completely submerged. 

Considering the population of the 
neighbourhoods indicated by the base data, about 
400 thousand people (99.7% of the population), 
considering the current number of inhabitants of the 
city, in approximately 134 thousand residences 

 

   
 

would be affected by the floods if nothing is done to 
control the emissions. 

 
Figure 4:  
Affected population in each scenario. 

 
 

The 10 most populous neighbourhoods in the 
municipality, mostly located in the areas described in 
the masterplan as able to accommodate population 
growth, will be mildly affected in the most optimistic 
scenario, but from the 2°C increase scenario, there 
will already be neighbourhoods severely affected, 
mainly those located on the coast or with low level 
quotas because they are close to existent water 
courses. 

It should be remembered here that the 
neighbourhood considered with the highest 
population has areas of accentuated relief, which 
will be free from floods, even in the face of an 
increase of 4°C. However, most residents do not live 
in these higher altitude places, which are mostly in 
places of environmental preservation and areas of 
cultural interest of the municipality. Thus, in most of 
these mentioned places, their construction is even 
prohibited. 

Another point to be highlighted is that this study 
does not consider, in principle, the effect of the 
increase in level quota on mobility and access to 
unaffected areas, and therefore, it is possible that 
the sea level rise may make the occupation of even 
more territories impracticable. 

The results of this research clearly demonstrate 
the fragility of the municipality in the face of rising 
sea levels, which indicates the need to take 
measures to increase the local resilience of Vila 
Velha. 

The term Resilience finds several meanings in the 
literature, however, in this article it is understood as 
the ability to resist, adapt and respond to events of 
slow and chronic processes (stresses) or to abrupt 
changes and extreme events (shocks), maintaining 

its functioning now and in the medium and long term 
future [14]. 

Based on this, it is necessary to understand what 
is already proposed within the land use and 
occupation control plans to face climate change and 
what is configured as a lack. The clear effects, even 
in the long term, also demonstrate the urgency of 
the issue. 

Even without making direct reference to climate 
change, the masterplan of Vila Velha provides 
guidelines for the preservation of natural assets, 
including fragile and wetland areas among the 
priority action places. For this purpose, ZEIAs are 
created, that is, Zones of Environmental Interest 
(Zona Especial de Interesse Ambiental) and the 
definition of wetlands where you cannot create 
subdivisions of land for construction. 

The plan also suggests the creation of a Drainage 
Plan to combat flooding. Another important point 
present in the legislation is the incentive to the 
Creative Economy, of which architecture is a part. 
Thus, there is a concern to encourage public policies 
aimed at innovative solutions to the local problems 
[10]. 

Additionally, a notable consideration is that the 
highest permeability rates present in the PDM of Vila 
Velha (35% and 30%) coincide with the areas most 
prone to flooding due to sea level rise. However, 
there is a strong lack of urban planning instruments 
or construction guidelines in Building Codes that 
point out effective solutions for dealing with the 
floods or for encouraging constructions with good 
efficiency to reduce their level of carbon emissions 
in the atmosphere. 

 
4. CONCLUSION 

Although the effects of climate change can 
already be perceived in the present days, when 
analysing the effects predicted for future periods, 
the projections point to catastrophic scenarios, 
which demonstrate the need to mitigate greenhouse 
gas emissions and to adopt strategies for the 
adaptation of coastal cities, at the risk of being 
submerged. 

The results of the projections for the city of Vila 
Velha show that region 1, composed of the coastal 
neighbourhoods with the largest population and 
with greater density and economic potential, 
together with region 2, composed of 
neighbourhoods included in the development axis 
proposed by the municipality in the Master Plan, will 
be affected most. 

This fact indicates that the economic losses 
derived from the rise in sea level will be significant in 
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the city if no preventive action is taken by the 
municipal administration when proposing the future 
PDMs. 

It is concluded that the current masterplan for 
Vila Velha is correct when defining ZOPs in places 
that will suffer less from the rise in sea level, 
directing the occupation of the territory in these 
areas. 

However, it is observed that the ZEIs, which serve 
a portion of the most economically vulnerable 
population, are located in places that will be more 
affected by the SLR, tending to increase the 
vulnerability of the population living in these areas, 
which constitutes a lack present in the current 
masterplan. 

There is also a lack of concern for efficient 
solutions that are capable of dealing with the 
problems in a resilient way in the long term and in 
extreme scenarios of global warming caused by the 
climate changes. 

It is important as well that the city's Masterplan 
takes into account the effects of climate change, 
since the axes of development are in areas that may 
be submerged in the future. 

The present study, being carried out in the city of 
Vila Velha, uses it as an example of a place with 
characteristics commonly found in other different 
municipalities present around the entire Brazilian 
coastal zone. In this way, it points out reflection 
questions about water and floods which should be 
reviewed in the preparation of their future 
masterplans. 

The results obtained allow us to affirm that the 
research objective of evaluating the risk of sea level 
rise for coastal cities was achieved, highlighting that 
the adopted methodology can be replicated in the 
other similar situations mentioned before in the 
paper. 

It is also possible to be observed that the 
graphical representation of the simulations can still 
be considered as an important instrument for 
discussion and decision-making in the formulation of 
the public policies aimed at more resilient cities, that 
are capable to deal with the predicted climate 
changes. 
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ABSTRACT: One of the effects of human activity on planet performance is the urban climate. Its characteristics have 
been studied during the last decades and both morphological and buildings materials (buildings and streets), activity 
and transit have been declared, all associated with anthropic factors. Various models have been developed to 
adequately define the behaviour of the urban climate according to these variables. In this paper, the urban climate of 
the sector with the highest activity into buildings and transit in the city of Valparaiso, Chile, is evaluated. It is 
evaluated using the Urban Climate Model developed for the Eixample area of Barcelona by Isalgué et. al. [1]. New 
factors are defined that would affect the climate behaviour of this zone in this city of coastal characteristics and 
Mediterranean climate and then calibrate the model. The results show a high correlation between the measurements 
in the field and the results of applying this adjusted model. 
KEYWORDS: Urban Climate Model, Mediterranean climate, urban morphology, urban activity, urban materials. 
 

 
1. INTRODUCTION  

Urban climate phenomenon and the urban heat 
island (UHI) are evidence of human influence on climate 
change.  Currently 55% of the world's population 
resides in cities and its urban environments; the United 
Nations projected to increase it to 68% by 2050 [2]. The 
rising rates of urbanization have led to an increase in 
impervious areas that affect or modulate the local 
surface energy balance [3]. As a result, urban areas 
have developed their own climate performance. For 
example, they present a difference in air temperature 
and moisture when compared to surrounding rural 
areas to mitigate the climate effect in cities and the 
global warming [4], [5], [6]. Knowing the factors that 
define urban climate performance is necessary to carry 
out actions and policies to mitigate the climate effect in 
cities and global warming. 

The design of cities and their regulations vary. 
Within them there are various forms of tissue that have 
been classified studies. Stewart and Oke [7] have 
defined these characteristics and determined that in 
one city there are several Urban Climatic Zones. On the 
microscale, inside each fabric, we find a variety of 
shapes and materials, but the most widely used model 
for its study is the urban Canon, defining itself as the 
unit of study. On the other hand, cities determine their 

global climate variations by their relationship to the 
mesoscale and the surrounding landscape and 
topography. 

The most important cause of the temperature 
increase is the modification of land surfaces; the second 
is the waste heat from an urban human activity [8]. The 
thermal behavior of the cities and its different 
neighborhoods depends on urban variables such as the 
morphology of urban spaces, Sky View Factor, Relative 
Elevation Factor, the change in landscape roughness, 
shape and use of buildings, vegetation and bodies of 
water, the transit activity increase, among others [9], 
[10], [11]. Its impact in the heat storage, the trapping of 
radiation and less evaporation are among the reasons 
for climate change caused by urbanization [12].  
In the face of climate change and combating the 
negative effects associated with the urban climate, we 
must evaluate the incidence of urban and design 
elements in the variables that define the climate, at 
each necessary urban scale. Including the microclimatic 
scale, which is where regulatory standards can act 
punctually and favor global improvements. We must 
determine the incidence of these elements in the air 
temperature, the variation of the air temperature, the 
relative humidity, the direction and speed of wind and 
the radiation on the urban canyon. Successful urban 



SUSTAIN
ABLE URBAN

 DEVELO
PM

EN
T

SUSTAIN
ABLE URBAN

 DEVELO
PM

EN
T

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

1012 1013

 

planning strategies are needed to mitigate the 
(excessive) increases in urban air temperature and to 
reduce future heat loads that there are inside the 
canyon [13]. These strategies can increase resilience in 
urban areas.  

On the other hand, urban climate simulation 
software, considers the relationship of both spatial and 
temporal phenomenon in mesoscale and microscale 
with urban elements of the city. However, they are not 
entirely designer or urban planner friendly. In recent 
decades, different simulators have been developed, 
such as the Local Circulation Model lcm2d [14]; [15], 
single layer urban canopy model [16] Hotmac [17], LM: 
local model; FVM: Finite Volume Model; Bubble (Basel 
Urban Boundary Layer Experiment) and Urbvent [18]. 
In recent times ENVI-met [19] is one of the most used 
software in the simulation of microclimatic urban 
scenarios. The Urban Weather Generator (UWG) is a 
tool developed at the Massachusetts Institute of 
Technology (MIT) [20], which generates an urban 
weather file instead of a rural weather file, with 
modified temperatures in the urban canyon. 
Ochoa and Serra [21] developed an urban climatic 
system (Fig. 1) to explain how the climate behaviour is 
conditioned by the city. They correlated four city topics: 
Location, Shape, Limits and system elements. They 
defined the aspect of these topics and finally the urban 
microclimate parameters.  
 
Figure 1:  
Urban climatic system. Ochoa & Serra, 1998. 
 

 
 

Isalgué et. al. [1] developed an urban climate model 
for the Eixample area of Barcelona (Mediterranean 
climate), Spain, located in the Mediterranean Sea. The 
model presents three urban climate scales: the city 

scale, the neighbourhood scale and the urban canyon 
scale. These scales are successively related. This model 
highlights elements of urban space design, use of 
buildings and traffic: Typical elements using in building 
regulations and urban planning. In this research, this 
model is adapted to predict the microclimatic 
performances on Valparaíso (Mediterranean semi-arid 
climate), Chile, located on the Pacific Ocean of South 
America. Different both climatic and urban parameters 
were measured within the area of study to define the 
adapted Eixample model. 
The model present different equations for each urban 
climate parameter.  
 
2. METHODOLOGY 
 
2.1 MODEL VARIABLES 
According to the evaluation model, three urban scales 
that define the procedure are determined. 
1 Start data: 
Corresponds to the information of climate status 
variables delivered by the weather station: 
Radiation (R); Temperature (T); Temperature 
fluctuation (ΔT); Relative Humidity (RH); Wind intensity 
(V); Predominant wind direction (dV); Sound 
background level(N). 
2 Zonal Scale Model description: 
For the determination of the zonal characteristics from 
an area or region, the following urban factors of the 
study area are considered (zone) and then the canyon 
of study in next microclimatic scale: 
 
Table 1:  
Parameters 
SIMBOLOGY URBANO ZONAL / INTO CANYON 
ha Weather station height (in meters 

above sea level) 
haz (m) Average height of the study area 

(in meters, respect to sea level) 
altz(°) General slope of  soil in the area 

(in degrees) 
aztz(°)   Slope orientation in the study 

area (in degrees respect north) 
fhrz(-1,1)= 
arc 
tg(altura/distancia)/90° 

Zonal Relative Height with 
respect to the environment 
(between -1, 1) 

faig Percentage of water in the 
weather station (from 0 to 1) 

faigz (0,1)=  
(entre desierto y mar) 

Percentage of water in the study 
area (from 0 to 1) 

fveg Percentage of vegetation in the 
weather station (from 0 to 1) 

fvegz (0,1)=  
(entre desierto y selva) 

Percentage of vegetation in the 
study area (from 0 to 1) 

Dact Density of "static" activity (relates 
energy consumption / inhabited 

 

m2) in the weather station (from 
0 to 1). 

Dactz (0,…) Density of "static" activity (relates 
energy consumption / inhabited 
m2) (from 0 to 1). Presence of 
anthropic activity. 

Dtr Traffic density at the weather 
station (from 0 to 1). 

Dtrz(0,…) Traffic density in the area 
(number of vehicles per hour) 
(from 0 to 1). Presence of human 
activity 

factz=  
(Dactz-Dact)/ 
(Dactz+Dact) 

Zonal Activity Factor (relates 
zonal activity density and activity 
density at the weather station) 

ftrz= (Dtrz-Dtr)/ 
(Dtrz+Dtr) 

Zonal traffic factor (relates zonal 
traffic density and traffic density 
at the weather station) 

 
These factored and interrelated characteristics, 
according to their incidence or not in the determination 
of a climatic state parameter, determine the following 
zonal data of the study area (for winter, spring, summer 
and autumn): 
Radiation in the vertical plane to the south Rz (w) 
Temperature Tz (°C) 
Temperature fluctuation ΔTz (°C) 
Relative humidity HRz (%) 
Wind intensity 
Wind direction dVz (azimuth to north in °) 
Sound Nz (dBA) 
 
According to the urban structure of the Eixample of 
Barcelona, "area" is considered, in the model, as a 
surface of the fabric, of 2 x 2 km2 domain. 
In this research, we will study the behavior of the T° of 
the air and the variation of the T° of the air. 
 
The next equation defines Air Temperature inside the 
study area (Tz):  
 

Tz= T + 7 factz+ 4 ftrz + ((ha-haz)/180)-4 cos aztz x sin 
altz + 4 fhrz x exp(-Vz) + (T-Tmedia anual) x (0,5(faig- 

faigz) + (0,2(fveg- fvegz)))       (1) 
 

T Temperature measured by the city's 
weather station 

factz Zonal Activity Factor 
ftrz Zonal traffic factor 
ha Station 

height above sea level 
haz Zone height 
aztz Slope orientation 
altz General slope of the terrain 
fhrz Relative height Factor 

Vz Zonal wind 
Tmedia Average annual temperature 

faig Factor Percentage of urban water 
faigz Factor Percentage of water in the area 
fveg Factor Percentage of urban vegetation 

fvegz Factor Percentage of vegetation in the area 
 
And this equation define Air Temperature into the 
canyons within the area of study (Tp): 
 
Tp= Tz + (ΔThr + ΔTveg + ΔTdens + ΔTaig) x exp(-0,5Vp) 

+ 3 ((Rp – Rz)/Rz) x exp(-Vp)         (2) 
 

Tz Zonal temperature 
ΔThr Relative elevation Factor (fhr) 

ΔTveg Vegetation Percentage Factor (fveg) Canyon 
Relative Humidity (RH)  

ΔTdens Canyon Traffic Density Factor (ftrp) Density 
Factor of canyon activity (factp) Canyon wind 
(Vp)  

ΔTaig Canyon water factor (fair)  
Canyon relative humidity (RH)  

Vp Canyon wind speed 
Rp Canyon radiation  
Rz Zonal radiation 

 
Increment by relative height factor: ΔThr = 0.5 fhr (= 0 if 
height > 0) 
Increase due to vegetation (without shade): ΔTveg = -2 
x fveg x (100 - HR) / 100 
Increment by density factor: ΔTdens = (ftrp + 2 factp) x 
(exp (-Vp) + 1) / 2 
Increase by water factor: ΔTaig = -6 x faig x (100- HR) / 
100 
 
Finally, the results of the application of the model in the 
scale of the urban canyon define: 
 
Tp= Tz + (ΔThr + ΔTveg + ΔTdens + ΔTaig) x exp(-0,5Vp) 
+ 3 ((Rp – Rz)/Rz) x exp(-Vp) 
 A= triangulo 
Relative height increment:   
ΔThr= 0,5 fhr(= 0 si alcaria > 0) 
Relative height factor 
Increase by vegetation (without shadow): ΔTveg= -2 x 
fveg x (100 – HR)/ 100 
Factor vegetation percentage 
Canyon moisture 
Increase by density:   
ΔTdens= (ftrp + 2 factp) x (exp(-Vp) + 1)/2 
Canyon traffic density factor 
Canyon Activity Density Factor 
Canyon wind 
Increase by water:    
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ΔTaig=  -6 x faig x (100- HR)/ 100 
Canyon water factor 
Canyon moisture 
 
CANYON TEMPERATURE VARIATION 
According to the model, the determination is influenced 
by: 
ΔTz  Zone temperature oscillation 
fveg  Factor Percentage of vegetation 
Vp  Canyonl wind speed 
Rp  Point Radiation 
Rz  Zonal Radiation 
ΔTdens  Canyon Traffic Density Factor (ftrp) 

Canyon Activity Density Factor (factp) 
Canyon wind (Vp) 

 
ΔTp= ΔTz x (1-0,1 x fveg) x (1 + 0,5 x exp(-Vp) x (Rp – 
Rz)/ Rz + 0,6 x ΔTdens) 
 
The model identifies three principal factors in the urban 
climate formation: anthropogenic heat generation, 
impervious materials and urban geometry. 
 
2.2 DELIMITATION OF THE STUDY AREA 
The present investigation was developed in the city of 
Valparaíso, which is located in the central zone of Chile. 
It is a coastal city with a mediterranean climate and 
around 295,000 inhabitants. 
The chosen model is proposed for an urban fabric with 
a coastal Mediterranean climate (Eixample, Barcelona), 
which is similar to that of Valparaíso (Figure 2). 
Therefore, an attempt is made to validate its structure 
for a climate of these characteristics. 
The central area of Valparaíso recognized as the 
financial district of the city was studied. It also 
corresponds to the area of the city that presents the 
highest rates of heat island. 
This area is a sector of the city recognized as world 
heritage and whose morphology has not changed for at 
least 20 years. 
 
Figure 2:  
Urban situation. Left, Valparaiso (33° 3′south). Right, 
Barcelona 41° 23′ north). 

 
 

2.3 MAP OF THE MORPHOLOGY AND ACTIVITY OF THE 
STUDY AREA 
The Valparaiso geomorphological situation (figure 3) 
the building situation of study area (Figure 4 - 5, 
different heights of the buildings in the area are 
observed on the map), the SVF and HRF factors are 
defined (Figure 6). Information on traffic activity (traffic 
density), activity inside buildings (zonal activity density) 
water situation and vegetation situation NDVI (Figure 7) 
is also surveyed. 
 
Figure 3:  
Valparaiso geomorphological situation 

 
Figure 4:  
Building situation shape 

 
 
Figure 5:  
Buildings heights 

 
 
 
Figure 6:  
Sky view factor (SVF) and Relative height factor (RHF) of 
canyons in study area. 

 

 
 
 
Figure 7:  
NDVI study area 

  
 
MESUREMENT AND SIMULATION 
A variety of recording points were defined in order to 
measurement the variables defined by the Eixample 
urban climate model [1]. 
Measurement campaigns were carried out in winter on 
a clear day and between the hours of 10:30 am and 2 
pm. and 8 p.m. 
Then a survey of measurements of Temperature (°C) 
and Temperature Oscillation (°C) were made in the 
specific places of study in the area. 
Then, the records of the urban factors that the model 
defines were raised. 
With the survey of the urban factors, the results of T° t 
variation of the T° in the Eixample model are simulated 
and compared with the field records. 
 
3. RESULTS 

The results shown a R2 0.81 and a correlation 
coefficient 0.9 between the values of the adapted 
model and those measured in the urban canyon in the 
variable air temperature (Fig. 8).  

And a R2 0.84 and a correlation coefficient 0.92 
were obtained between the values resulting from 

applying the model and those measured in the urban 
canyon, for the variable Variation in Air Temperature, in 
sunny days in winter (Fig. 9).  
 
 
Figure 8:  
Comparison of the measured and simulated Air temperature 
within the area of study 

 
. 
 

Figure 9:  
Comparison of the measured and simulated Air temperature 
variation within the area of study 
 

 
 

4. CONCLUSION 
This paper corresponds to the results of the 

climatic modeling of the financial district of the city of 
Valparaíso using the Eixample Urban Climate Model 
and adapted to the local conditions of a city. This model 
is considered suitable for fabrics located in a coastal 
Mediterranean climate. Consider morphological and 
energetic elements, water and vegetation, all the 
characteristic elements of its urban spaces and existing 
in climates of these characteristics. 
Although the model used is presented as a model of 
climatic averages, its structure is very appropriate for 
built spaces in coastal climatic conditions. The 
incorporation of both the Zonal Density Descriptor and 
Zonal Frontal Descriptor adjust the model respect to 
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the behavior of Radiation and Wind Speed. Neither 
were described in this document. 
The incorporation of the Zonal Frontal Density 
descriptor Densfz = 0.88, characterizes how permeable 
the fabric is to horizontal wind. Allows you to fit the 
model to ground measurements of wind speed.  

The incidence of the sea breeze makes it 
necessary to adapt the model to the edge fabrics, 
especially to the incidence of the Humboldt current. 
This could be made explicit by incorporating the Zonal 
Front Density descriptor not described in this 
document.  

In the particular case of the city of Valparaíso, the 
elements of vegetation are mainly confined to public 
squares with no presence in canyons, as can be seen in 
the NDVI image. 

The correlations determined between the 
morphological descriptors and the global climatic 
behavior of the area fit the model with numerical 
factors appropriate to the characteristics of the study 
area. The proposed model for the fabrics of the 
Eixample in Barcelona is useful for geometric fabrics 
such as the one analyzed and modeled in Valparaíso, 
considering urban design variables that urban planners 
use in the regulation of their urban design plans. 
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ABSTRACT: Of 33 Global Megacities, ten are situated in South Asia. Extreme heatwaves are becoming an annual 
phenomenon due to climate change in South Asian megacities. In this study, we evaluated 29 years (1990-2019) 
of historical data on heat stress in ten selected megacities (existing and prospected) —New Delhi, Dhaka, Mumbai, 
Kolkata, Ahmedabad, Chennai, Bengaluru, Hyderabad, Chittagong, and Pune—predominantly in India and 
Bangladesh. We used Heat Index (HI) and Environmental Stress Index (ESI) analysis to evaluate stress and 
vulnerability. Our results showed that most megacities are already experiencing 'Extreme caution' and 'Danger' 
levels of heat stress which may lead to heat cramps, exhaustion, stroke, and even death. Furthermore, the 
frequency of 'Danger' level of heat stress and vulnerable level of ESI has increased significantly since 2011 in the 
selected megacities, which elevated the heat-related vulnerability among the millions of inhabitants.  
KEYWORDS: Extreme heat, Megacities, South Asia, Climate change, vulnerability. 
 
 

1. INTRODUCTION 
Of 33 Global Megacities (UN, 2018)— with a 

population of more than 10 million — ten are 
situated in South Asia. According to the UN, New 
Delhi will be the largest megacity globally, with 
Dhaka and Mumbai in the top ten megacities by 2030 
(a predicted total of 43) (UN, 2018). Also, extreme 
heatwaves are increasing due to climate change in 
South Asia (IPCC, 2022), becoming an annual 
phenomenon. Therefore, billions of people will live 
with the adverse effects of extreme heat.  

Extreme heat exposure may cause severe health 
issues ranging from heat exhaustion, cramps, and 
heatstroke to even death (NIH, 2022). Furthermore, 
to live with extreme heat, people are inclined to use 
air conditioning which causes elevated electricity 
demand for cooling, which is projected to grow 
rapidly (Debnath, Jenkins, Patidar, & Peacock, 2020). 
For example, India will have 240 million A/C units by 
2030, reaching 1144 million by 2050 (IEA, 2019), 
from 21.8 million in 2017 (GoI, 2015).  

In this study, we evaluated 29 years (1990-2019) 
of historical data on Heat Stress and associated 
vulnerability in ten selected megacities (existing and 
prospected) —Dhaka, Chittagong, New Delhi, 
Mumbai, Kolkata, Ahmedabad, Chennai, Hyderabad, 
Pune, and Bengaluru— predominantly in India and 
Bangladesh. 

2. METHODOLOGY 
We obtained 29 years of weather data (1990-

2019) from the Meteoblue database 
(www.meteoblue.com) for the Heat Index (HI) and 
Environmental Stress Index (ESI) analysis of 10 
megacity's climate. The ambient temperature and 
relative humidity data were used to calculate the 
hourly heat index (HI) with the following Equation 1 
adopted from (Rothfusz & Headquarters, 1990): 

 𝐻𝐻𝐻𝐻 =  −42.379 + 2.04901523𝑇𝑇 +
 10.14333127𝑅𝑅 −  0.22475541𝑇𝑇𝑅𝑅 − 6.83783 ×

10−3𝑇𝑇2 − 5.481717 × 10−2𝑅𝑅2 + 1.22874 ×
10−3𝑇𝑇2𝑅𝑅 + 8.5282 × 10−4𝑇𝑇𝑅𝑅2 − 1.99 ×

10−6𝑇𝑇2𝑅𝑅2 … …(1) 
Where,  T - Ambient dry bulb temperature (°F) 

R - Relative humidity (integer percentage) 
HI was selected for the study as it has been 

widely used in several studies to analyse the adverse 
effect of heat stress, such as (Luo & Lau, 2019; 
Modarres, Ghadami, Naderi, & Naderi, 2018; Choi & 
Lee, 2020; Opitz-Stapleton, et al., 2016). For the 
analysis in this study, we converted the ambient dry 
bulb temperature into °C with the following 
Equation 2 adopted from (Fay & Hardie, 2003): 

𝐶𝐶 = 5 9⁄ (𝐹𝐹 − 32) … … (2) 
Where C- Ambient dry bulb temperature (°C) 
              F- Ambient dry bulb temperature (°F) 
Furthermore, we used the Heat Stress Index scale 

(Table 1) developed by National Oceanic and 
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Atmospheric Administration (NOAA) (NWS, 2020) to 
evaluate the HI for different megacities. 
Table 1: Heat index and corresponding health impacts 
(NWS, 2020) 

Heat Stress 
Index (°C) 

Category Dangers 

27-32 Caution Fatigue 
32-41 Extreme 

caution 
Sunstroke, heat 
cramps and heat 
exhaustion  

41-54 Danger Sunstroke, heat 
cramps and heat 
exhaustion, and even 
heat stroke 

54+ Extreme 
danger 

Heat/sunstroke 

Rather than only analysing temperature and 
Relative Humidity as parameters to show the climate 
change effect in the selected cities, we also adopted 
the methodology of the Environmental Stress Index 
(ESI) as a measure for climate analysis because ESI 
considers the effect of climatic parameters such as 
ambient temperature (Ta), relative humidity (RH) 
and solar radiation (SR). The basic methodology of 
ESI was described in (Moran, et al., 2001), and 
Equation 3 is as follows: 

𝐸𝐸𝐸𝐸𝐸𝐸 = 0.63𝑇𝑇𝑎𝑎 − 0.03𝑅𝑅𝑅𝑅 + 0.002𝐸𝐸𝑅𝑅 +
0.0054(𝑇𝑇𝑎𝑎 × 𝑅𝑅𝑅𝑅) −  0.073(0.1 + 𝐸𝐸𝑅𝑅)−1 … … (3) 

Where, 𝑇𝑇𝑎𝑎 was the ambient temperature (°C), 𝑅𝑅𝑅𝑅 
the relative humidity (%), and 𝐸𝐸𝑅𝑅 the solar radiation 
(Wm−2), and the output unit for ESI is °C. 

For analysing the vulnerability to extreme heat, 
the work schedule reduction linked to Heat Index 
(HI) was used as described in Table 2.  
Table 2: Work schedule reduction recommendations 
(NIOSH, 2016) 

Adjusted 
Temperature 
or Heat Index 
(°F(°C)) 

Work/Rest 
Minutes Per Hour; 
Moderate 
Workloads (% 
Hourly 
Reduction) 

Work/Rest 
Minutes Per 
Hour; Light 
Workloads (% 
Hourly 
Reduction) 

90 (32.2) Normal (0%)  Normal (0%) 
100 (37.8) 45/15 (25%) Normal (0%) 
104 (40.0) 30/30 (50%) Normal (0%) 
105 (40.6) 25/35 (58.3%) Normal (0%) 
106 (41.1) 20/40 (66.6%) 45/15 (25%) 
108+ (42.2+) 0/60 (100%) 35/25 (41.6%) 
111+ (43.9+) 0/60 (100%) 0/60 (100%) 

Based on the Work/Rest Minutes Per Hour in 
Table 2, we used the following Equation 4 (Moderate 
workload) and 5 (Light workload) for the estimate of 
the total annual per person-hours lost due to heat 
stress: 

𝑅𝑅𝑀𝑀𝑀𝑀 = (𝑎𝑎 × 100%) + (𝑏𝑏 × 100%) + (𝑐𝑐 ×
66.6%) + (𝑑𝑑 × 58.3%) + (𝑒𝑒 × 50%) + (𝑓𝑓 ×
25%) … … (4) 

𝑅𝑅𝑀𝑀𝑀𝑀 = (𝑎𝑎 × 100%) + (𝑏𝑏 × 41.6%) + (𝑐𝑐 ×
25%) + (𝑑𝑑 × 0%) + (𝑒𝑒 × 0%) + (𝑓𝑓 × 0%) … … (5) 

Where, 𝑅𝑅𝑀𝑀𝑀𝑀  was the hours reduced in moderate 
workload (h), 𝑅𝑅𝑀𝑀𝑀𝑀 𝑤𝑤𝑎𝑎𝑤𝑤 the hours reduced in light 
workload (h), 𝑎𝑎 is the hours with HI of 43.9°C (and 
higher), 𝑏𝑏 is the hours with HI between 43.9-42.2°C, 
𝑐𝑐 is the hours with HI between 42.2-41.1°C, 𝑑𝑑 is the 
hours with HI between 41.1-40.6°C, 𝑒𝑒 is the hours 
with HI between 40.6-40.0°C, and 𝑓𝑓 is the hours with 
HI between 40.0-37.8°C. 

3. RESULTS AND DISCUSSION 
3.1 Heat Stress Index (HI) 

In the case of Dhaka (Bangladesh), the HI was 
49.68°C in 2015. The maximum HI was 51.94°C in 
2019, the highest in the past 29 years; 2.3°C and 
3.37°C higher than the highest HI in 2015 and 2011. 
Dhaka's average HI was 30.36°C in 2019 and 29.53°C 
in 2015. Only 69 hours (h) in 2015 had HI in the 
danger level, which increased 3.39 times by 2019 
(234h) (Figure 1A).  

(A) 

 
(B) 

 
Figure 1: Heat Index (HI) for (A) Dhaka and 
(B) Chittagong, Bangladesh in 1991, 1995, 2001, 2005, 
2011, 2015, and 2019. Here, ED= Extreme Danger, D= 
Danger, EC= Extreme Caution, C= Caution, and A= 
Acceptable.  

For the port city of Chittagong (Bangladesh), the 
HI was at a danger level for 789h in 2019, which was 
410h in 2015 and 235h in 2011 (Figure 1B). 
Therefore, the danger level exposure elevated 1.7 
times in 2019 than in 2011. Similarly, the HI was at 
an extreme caution level for 3073h in 2019, 1.3 times 
higher than in 2011 (2444h). The highest HI was 
49.40°C in 2019, about 2°C higher than in 2015 and 

2011. Furthermore, the average HI increased to 
30.33°C from 29.15°C in 2015 and 28.68°C in 2011.  

In the case of the capital city New Delhi (India), 
the maximum HI was 51.92°C in 2019, the highest in 
the past 29 years; 1.8°C and 2°C higher than the 
highest HI in 2015 and 2011, respectively. New 
Delhi's average HI was 30.60°C in 2019 and 29.60°C 
in 2015 (Figure 2A). Only 58h in 2015 had HI in the 
danger level, which increased 4.43 times by 2019 
(257h).   

In Mumbai, the HI was at a danger level of 277h 
in 2019, only 86h in 2011 (Figure 2B). Therefore, HI 
at danger level in Mumbai elevated 3.22 times in 8 
years. In 2015, the HI was 329h at the danger level. 
The highest HI was 48.11°C in 2019, about 2.3°C and 
4°C higher than in 2015 and 2011. The average HI 
increased to 30.03°C in 2019 from 28.96°C in 2011. 

The HI was at a danger level for 1342h in Kolkata 
in 2019, 1065h in 2015 and 619h in 2011 (Figure 2C). 
The danger level of HI exposure elevated 2.2 times 
by 2019 than that of 2011. The highest HI was 
53.48°C in 2019, about 1.3°C and 4°C higher than in 
2015 and 2011. The average HI increased to 31.62°C 
in 2019 from 30.18°C in 2011.  

In the case of Ahmedabad, the danger level of HI 
exposure was 835h in 2019, 1.8 times that of 2011 
(476h). In 2015, the highest HI was 58.41°C, 49.67°C 
and 49.83°C in 2019 and 2011, respectively (Figure 
2D). The average HI increased to 31.65°C in 2019 
from 31.02°C in 2011. 

For Chennai, HI, the danger level experienced 
1322h, which was 784h in 2015 and 369h in 2011 
(Figure 2E). The HI exposure in danger level 
increased 3.6 times by 2019 than in 2011. The 
highest HI was 52.61°C in 2019, about 1.3°C and 
5.31°C higher than in 2015 and 2011. The average HI 
increased to 33.71°C in 2019 from 32.63°C in 2015 
and 31.16°C in 2011.  

The HI reached the danger level of 162h in 2019, 
from 58h in 2015 to only 8 hours in 2011 in 
Hyderabad (Figure 2F). In 2011-19, the HI exposure 
to danger increased 20.25 times. The highest HI was 
44.30°C in 2019, about 1.2°C and 2.24°C higher than 
in 2015 and 2011. The average HI increased to 
27.77°C in 2019 from 27.30°C in 2011. 

In the case of Pune, the danger level of HI 
exposure was 5h, 0h, and 4h in 2019, 2015, and 
2011, respectively (Figure 2G). In contrast to most of 
the megacities in India, HI in Bengaluru never 
reached to danger level from 1991-2019 (Figure 2H).  

Our results showed a 1.2-2.3°C and 2-5.31°C 
increase by 2019 in the HI since 2015 and 2011, 
respectively, in the megacities of Bangladesh (Dhaka 
and Chittagong) and India (New Delhi, Mumbai, 
Kolkata, Ahmedabad, Chennai, and Hyderabad). 
Only Pune and Bengaluru in India showed little to no 

exposure to the danger level of HI. Nevertheless, 
they also showed an increase in HI levels. 

(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 
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(F) 

 
(G) 

 
(H) 

 
Figure 2: HI for (A) New Delhi, (B) Mumbai, (C) Kolkata, 
(D) Ahmadabad, (E) Chennai, (F) Hyderabad, (G) Pune, 
and (H) Bengaluru (also called Bangalore), India in 1991, 
1995, 2001, 2005, 2011, 2015, and 2019. Here, ED= 
Extreme Danger, D= Danger, EC= Extreme Caution, C= 
Caution, and A= Acceptable. 

3.2 Environmental Stress Index (ESI) 
In the case of ESI, we considered 30°C — wet bulb 

globe temperature (WBGT) threshold was 
considered 28°C (The Lancet, 2021) and ESI can 
substitute WBGT (Moran, et al., 2001; ClimateCHIP, 
2022)— as the threshold above which the hours 
were considered vulnerable for people to conduct 
outdoor physical activities.  

(A)

 

(B)

 
Figure 3: ESI for (A) Dhaka and (B) Chittagong, 
Bangladesh in 1991, 1995, 2001, 2005, 2011, 2015, and 
2019. Here, V= vulnerable and A= Acceptable. 

In Bangladesh, Dhaka and Chittagong showed 
elevated hours above the ESI vulnerability 
thresholds. The highest ESI was 34.95°C and 34.57°C 
in 2019 in Dhaka and Chittagong, respectively (Figure 
3). The ESI for Dhaka was higher than the threshold 
for 1592h in 2019 and 1119h in 2011. For Chittagong, 
the ESI was higher than 30°C for 1559h in 2019, 
which was 882h in 2011; therefore, 1.77-time 
increase in 8 years. 

In India, apart from Bengaluru, all the megacities 
showed elevated exposure to vulnerable level ESI in 
2019 compared to 2011. The highest ESI were 
34.70°C, 33.83°C, 35.64°C, 34.43°C, 35.62°C, 
33.07°C, and 31.47°C in New Delhi, Mumbai, Kolkata, 
Ahmedabad, Chennai, Hyderabad, and Pune, 
respectively, in 2019. In New Delhi, the ESI was 
higher than the threshold for 1299h in 2019, which 
was 1068h in 2011; therefore, 1.22 times increase. 
Higher than threshold ESI exposure hours elevated 
to 937h (from 564h in 2011), 2015h (from 1258h in 
2011), 1378h (from 1016h in 2011), 2057h (from 
1090h in 2011), 324h (from 117h in 2011) and 87h 
(from 1h in 2011) for Mumbai, Kolkata, Ahmedabad, 
Chennai, Hyderabad, and Pune, respectively, in 2019 
(Figure 4).  
3.3 Vulnerability  

Considering the vulnerability to extreme heat 
from Table 2 and Equations 4 & 5, the high number of 
hours exposed to danger level HI in most of the 
megacities in India and Bangladesh contributed to 
the reduction of massive work hours to cope with the 
heat stress-related health issues.  

Due to heat stress annually in Dhaka, 454.6h 
(moderate workload) and 148.2h (Light workload) of 
work hours per person were reduced in 2019. The 
work hours per person were reduced annually by 
469.3h (moderate workload) and 134.6h (Light 
workload) in Chittagong in 2019. 

In the case of India, annually hours were reduced 
for moderate workload and light workload in 
megacities apart from Bengaluru (Table 3), which 
might be due to being a tropical savanna climate, 
which was different from the other studied 
megacities in India such as New Delhi (Sub-tropical), 

Mumbai (Tropical), Kolkata (Tropical wet-and-dry), 
Ahmedabad (semi-arid), Chennai (tropical wet and 
dry), Hyderabad (arid) and Pune (tropical wet and 
dry) in the Köppen climate classification (Arnfield, 
2020). Furthermore, urban development devoid of 
sustainable contextual climate change adaptation 
and mitigation strategies exacerbated the heat 
stress linked to vulnerabilities in the megacities.  

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(G) 

(H)

 
Figure 4: ESI for (A) New Delhi, (B) Mumbai, (C) Kolkata, 
(D) Ahmadabad, (E) Chennai, (F) Hyderabad, (G) Pune, 
and (H) Bengaluru (also called Bangalore), India in 1991, 
1995, 2001, 2005, 2011, 2015, and 2019. Here, V= 
vulnerable and A= Acceptable. 

Table 3: Annual hours reduced per person for moderate 
workload and light workload in Indian megacities 

Megacity name Moderate 
workload 
(Hours 
reduced) 

Light 
workload 
(Hours 
reduced) 

New Delhi 412.7 138.9 
Mumbai 247.7 46 
Kolkata 536.1 157 
Ahmedabad 481.6 128.4 
Chennai 687.4 184.7 
Hyderabad 152.2 19.1 
Pune 32.9 1.2 

4. CONCLUSION 
As ten megacities are situated in South Asia and 

extreme heatwaves are becoming an annual 
phenomenon due to climate change, in this study, 
we evaluated historical climate data for heat stress 
(HI and ESI) in those megacities in India and 
Bangladesh. We also estimated the vulnerability of 
the working population in terms of annually hours 
reduced for moderate and light workload in 
megacities due to heat stress.  

Our results showed that most megacities are 
already experiencing 'Extreme caution' and 'Danger' 
levels of Heat Stress which may lead to heat cramps, 
exhaustion, stroke, and even death. We estimated a 
1.2-2.3°C and 2-5.31°C increase by 2019 in the HI 
since 2015 and 2011, respectively, in the megacities 
of Bangladesh (Dhaka and Chittagong) and India 
(New Delhi, Mumbai, Kolkata, Ahmedabad, Chennai, 
and Hyderabad). The vulnerable population in the 
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studied megacities might have to reduce annually 
32.9-687.4h (moderate workloads) and 1.2-184.7h 
(light workloads) of work hours due to extreme heat 
in 2019. Furthermore, in India (apart from 
Bengaluru) and Bangladesh, all the megacities 
showed elevated exposure to vulnerable level ESI in 
2019 compared to 2011. Also, the megacity's urban 
development devoid of sustainable contextual 
climate change adaptation and mitigation strategies 
exacerbated the heat stress-linked vulnerabilities. 
This study enhances our understanding of the effect 
of climate change on megacities in South Asian 
developing countries. It highlights hazardous futures 
that require action, as, by 2050, more people will be 
living in the cities than in rural areas.  
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ABSTRACT: Worldwide, the construction industry is known for its high material consumption, waste and 
polluting gas emissions. To mitigate these issues, the recycling or reus e of waste is an available strategy, as 
in the case of long-lasting aseptic packaging (AP). This research aimed to evaluate AP feasibility as a thermal 
insulator, compared with other conventional insulating material, for applications in emergency housing in 
Valparaíso City, Chile. First, the different AP applications in construction were analysed through a literature 
review. Then, the commonly consumed AP in the Chilean market were examined. Finally, a specific building AP 
application and its thermal transmittance were evaluated by experimental analysis in relation to a 
conventional insulator. The results showed that the AP allows low transmittance values that contribute to 
complying with the mandatory minimum values established by the current national technical regulations for 
wall insulation. However, other important technical aspects, such as durability, fire resistance, interstitial 
condensation, etc., need to be evaluated to balance advantages and disadvantages throughout the life cycle. 
From the results, it can be inferred that the application studied is viable for temporary and non-definitive uses, 
such as emergency housing. 
KEYWORDS: Sustainability, Construction, Recycling and Reuse of Waste, Aseptic Packaging, Thermal 
Insulation. 
 

1. INTRODUCTION  
The concept of sustainability has emerged in 

recent decades as one of the main demands of 
society for the environment. To achieve objectives in 
this regard, different strategies have been designed 
or adapted, especially in development sectors where 
the impacts are greater or more evident, as in the 
case of construction. This sector, specifically building 
construction, has been widely recognised for being 
responsible for consuming 40% of the world’s 
material resources, 25% water, 40% energy and 12% 
soil, in addition to generating more than 25% of solid 
waste and emitting around 35% of total greenhouse 
gases (GHG) worldwide [1]–[3]. To reduce these 
impacts, recycling represents an important strategy 
once the energy or function of certain materials or 
products is recovered, avoiding their consequent 
inconvenience or final disposal. The main idea is to 
understand waste not as the end of the consumption 
cycle, but as the beginning or extension of a new 
one, eventually giving it an alternative use to its 
original function [4]. 

Every hour, globally, millions of tonnes of solid 
waste are discarded. Moreover, this process of 
waste degradation can be excessively slow, 
depending on its physical–chemical composition, 
leading to large environmental impacts [5]. Part of 

the waste produced is food and beverage containers, 
including globally produced and discarded long-
lasting food containers such as aseptic packaging 
(AP). According to official data from the main AP 
production company, in 2020, 183 billion containers 
were sold [6], and according to the same source, 
worldwide, in the same year, barely 26% of such 
waste was recycled.  

In recent decades, the recycling of AP has gained 
interest for subproduct purposes: first, because their 
raw material cannot be used to create new 
packaging, and second, because of its material 
composition, namely three layers of polyethylene 
(for waterproofing and bonding layers), cardboard 
(for rigidity and shape) and aluminium (which 
protects against light, air and bacteria). This makes a 
packaging mass of 74% cardboard, 22% polyethylene 
and 4% aluminium [7]. Thus, several proposals have 
emerged for its use as a thermal insulator in 
construction, due to its material composition of 
cardboard and aluminium [8], as an aggregate for 
concrete [9], fibres for asphalt mixtures [10] or as 
elements to lighten and insulate slabs [11].  

The current research was aimed at studying the 
feasibility of AP as a construction material, thus 
finding a way to manage waste and contribute to the 
sustainable development of cities and communities. 

The general objective of the research was to 
evaluate using AP as a thermal insulator, compared 
with other conventional insulating materials, 
through the analysis of product availability as 
discarded waste and by comparative evaluation of 
some thermal parameters for applications in 
emergency housing in Valparaiso, Chile. 

 
2. METHODOLOGY 
The present work adopted a qualitative approach 

through a bibliographic analysis, as well as a 
quantitative method by analysing the measurements 
of environmental impacts. A bibliographic review 
and a survey analysis were used as data collection 
instruments. Basic statistics and content analysis 
techniques were used as analysis methods, which 
allowed for the objective, systematic, qualitative and 
quantitative analyses of the bibliographic 
information [12]. The research was divided into four 
stages:  

-Bibliographic review: A systematic review aimed 
at analysing the state of the art and identifying the 
potential uses of AP in the construction industry. In 
turn, this stage was divided into five substages: (i) 
the definition of the scientific databases, Web of 
Science, Google Scholar and Scielo were used 
specifically; (ii) keywords selection (in English, 
Spanish and Portuguese), namely aseptic packaging1 
- building - construction - sustainability - recycling; 
(iii) screening process, including scientific articles, 
theses or national and international official reports; 
(iv) elimination of repeated documents from 
different databases; (v) with the use of the ‘snowball’ 
technique through the bibliographic references of 
the revised documents, new publications were 
found, reviewed and selected.  

-Survey analysis: A simplified analysis of supply 
and demand was conducted using survey analysis 
and basic statistics. The types of AP supply packaging 
on the market and the proportion of each type were 
examined. Likewise, the selection and typical 
demand for products with AP by common users were 
evaluated through structured questionnaires. In this 
way, through basic statistics, an average of the most 
consumed and discarded AP products could be 
defined. 

-Experimental evaluation: It was aimed at 
performing a laboratory analysis of the AP 
application as isolation panels to obtain quantitative 
data missing from the literature. For this, thermal 
transmittance measurement tests were carried out 
by means of a simulation chamber of 
indoor/outdoor environmental conditions (hot box), 
which was maintained between 35–40 °C and 
separated by AP panels to an outdoor space at room 

 
1 The keyword used was the exact trade name (Tetra Pak). 

temperature between 21–30°C. The dimensions of 
the ready-made AP panels were 88 × 76 cm; they had 
a density of 0.37 kg/m2 and an average thickness of 
0.4 mm. Three individual tests were performed: Test 
1, with a single panel (one layer); Test 2, with two 
layers; and Test 3, with three layers. Thermal 
transmittance, other temperature and humidity data 
were monitored by a Testo 435-2 monitor. 

-Comparative analysis and conclusions: Finally, a 
comparative analysis of the advantages and 
disadvantages of using AP as an insulator in relation 
to a conventional insulator was carried out, and 
conclusions were reached.  

 
3. RESULTS 

This section presents the general qualitative and 
quantitative results from the current work, 
presented in the same order as the methodological 
stages.  

 
3.1 Bibliographic review 

Based on the systematic review, 28 relevant 
publications from 2009 to 2021 were finally selected 
and analysed. These publications were grouped into 
five categories, mainly according to the use of AP in 
construction. Figure 1 shows the number of 
publications per year, and Fig. 2 shows the scope of 
the distribution of the studies analysed. 

It is noted that the majority of the studies 
concentrated on AP as a thermal insulator 
application, while the other categories in Fig. 2 are 
studies evaluating other applications, for example, 
AP’s mechanical properties or fire resistance of 
fibres elaborated from AP. In this sense, the 
categories in Fig. 2 are distributed by the following 
references: thermal insulator [13]–[21]; filling of 
slabs or walls [11], [22]; improving concrete or 
gypsum fibres [9], [23]–[27]; fibres for asphalt 
mixtures [10], [28]; and substitutes for other 
materials or components [29]–[34]. Considering the 
scope of this study, the following section delves into 
AP as a thermal insulation. 

 

 
Fig. 1: Number of publications per year. 
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Fig. 2: AP uses in the scientific literature. 

 
3.1.1 Thermal insulation 

Thermal insulation is one of the biggest concerns 
in terms of reducing energy consumption in buildings 
during the operation phase and creating more 
comfortable conditions for users. This is crucial for 
the sustainability of construction, since buildings are 
responsible for more than a third of the world’s 
energy consumption to maintain internal conditions 
of habitability [3]. To reach such building standards 
without increasing the associated costs or 
environmental impacts generated in the new 
insulation materials production, different AP 
applications have been proposed as thermal 
insulation, either with the use of containers in their 
original form or slightly modified or using the 
packaging as a raw material for other types of 
construction components. 

In its original form, AP can be used directly as a 
thermal insulator, cutting and bending each unit to 
form plates or using slightly compressed containers 
to form air chambers and be placed into enclosures 
(ceiling or walls). Lefian (2014) analysed the 
hygrothermal performance of three different 
applications of AP: used with the container in its 
original and empty form, used in its original form and 
filled with plastic waste and used in its original form 
but compressed to create several air chambers of 2 
cm inside the enclosure (multi-layered). The results 
indicated better performance for the latter. The 
study was carried out in several Chilean cities, with 
the multi-layered proposal even obtaining thermal 
transmittances below what is required by Chilean 
standards [14]. Fernandes et al. (2014) carried out a 
qualitative comfort evaluation in Brazil with AP 
panels cut and glued on the walls and ceilings of 
social housing and obtained positive results in the 
feeling of comfort, in addition to avoiding leaks and 
dirt ingress [15]. Similarly, Martini and da Trindade 
(2013) conducted a quantitative analysis of a similar 
element in residences applied in a louvre and in a 
false ceiling, obtaining a 17.5% reduction in indoor 
temperature [16]. 

With these same proposals of AP cut to form 
insulation tiles, Krüger et al. (2018) analysed this 

application as low emissivity sheets compared to 
aluminium and Expanded Polystyrene 
insulation (EPS) insulating materials in roofs of small 
safety cabins in Brazil. Their results indicated that the 
thermal resistance of the AP-coated face increased 
eight times [17]. Therefore, it is noted that the use of 
double sheets could be an interesting solution to 
improve the resistance value of surfaces and 
decrease heat gains, with the advantage of using 
twice as much cardboard. Some authors have 
presented certain thermal performance values that 
exemplify some of the quantitative advantages of AP 
applications. Some parameters stated have been 
summarised in Table 1. 

However, despite the positive aspects previously 
reported, it is important to comment that the 
durability of these experiments has not been studied 
extensively and represents a fundamental factor in 
the sustainability of their application. In this sense, 
Sullivan et al. (2012) investigated solutions to extend 
the useful life of thermal insulation elements built 
with AP, since in their experimental studies, these 
presented serious problems of deterioration due to 
climatic causes once they were placed outside the 
building; thus, the authors proposed several 
solutions with other protection materials, such as 
recycled vinyl or wax [21]. Condensation is another 
important problem that must be taken into 
consideration, as reported by Lefian (2014) [14].  

 
3.2 Abrigando Valpo project 

Abrigando Valpo project (AVP) (Sheltering Valpo 
project) is a social project created by CEICC UC (The 
Student Coordination of the Department of 
Engineering and Construction Management of the 
Pontifical Catholic University of Chile), which 
addresses the problem of the poor thermal 
conditioning of low-income housing in Chile [35], 
specifically emergency housing, where a lack of 
thermal insulation in its envelope has decreased the 
quality of life of inhabitants. The AVP insulation 
system was proposed as a solution to improve the 
thermal resistance of these homes (Fig. 3). 

 

 
Figure 3: Thermally insulated emergency house with AP 
[35]. 
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Table 1: Thermal parameters of some aseptic packaging applications and some conventional insulation materials (grey). 

 
AVP has worked with emergency houses sized 19 m² 
and 38 m² located in Valparaíso, Chile, which were 
insulated with AP panels as insulation against air and 
humidity. For emergency housing, approximately 
1500 AP boxes are normally used for a house of 19 
m2 and 2500 units for a house of 38 m2. 
 
3.3 Analysis of AP for emergency housing 

The current study analysed the technical 
feasibility of AP panels cut and glutted for 
emergency houses in Valparaiso City. First, a simple 
strategy for sample selection was carried out.  

 
3.3.1 Sample selection 

To identify the AP types most frequently found in 
Chile and to select a packaging type for the study, a 
survey analysis was carried out. Four commonly used 
supermarkets were surveyed in Santiago City, aiming 
to identify the types and quantities of consumer 
products that use AP containers. All AP packaging 
was characterised based on the information 
available on the packaging’s websites. The survey 
campaign was then carried out. The results showed 
that the majority of long-lasting products (89% of the 
products) belonged to the AP of a specific trademark. 

These AP products were divided into types of 
food containers, with 51% for dairy products, 33% 
juices, 8% alcoholic drinks and 7% for solid food. 
Similarly, the AP products were classified according 
to trademarks, which were counted in the five 
supermarkets surveyed, namely Tetra Brik Aseptic 
(TBA), Tetra Prisma Aseptic (TPA), Tetra Gemina 
Aseptic (TGA), Tetra Rex (TRX) and Tetra Recart (TR). 
TBA had the largest share with 81%, followed by TRA 
(3%), TGA (8%), TRX (2%) and TR (6%).  

Additionally, a Google survey was conducted that 
aimed to describe the consumption habit of AP at 
home and confirm the decision of which type of AP      

 
to use. Thirty-five valid answers were obtained, 
confirming that the highest consumption of AP was 
TBA (78.5% of the answers). Finally, considering 
these results, the geometric regularity of the 
packaging, the facility to assemble the panels, the 
optimisation of the processes by the size of the open 
containers, as well as the possible waste of 
materials, the use of TBA packaging was considered 
for the laboratory test in this study. Due to their 
regular shape and easy modulation, AP containers of 
1000 ml size were used.  

 
3.3.2 Determination of AP thermal transmittance 

In the results of the mean thermal transmittance 
(U) (Fig. 4), there was a significant difference 
between Tests 1 and 2, partly due to the small air 
chambers between the two panels produced by bent 
parts in the AP. Between Tests 2 and 3, the U 
difference was less significant, which could have 
been because a greater number of AP layers would 
not necessarily increase the insulation in a directly 
proportional way, and there may be an optimal 
amount of material to achieve a certain U value. 

 

 
Figure 4: Thermal transmittance of the three panels tested. 

 
3.3.3 Comparison of AP with conventional 
insulation 
Table 2 shows that the optimal application of AP 
(thermal resistance) is even less thermally efficient 
than conventional insulation, despite presenting a 
high relative value. However, calculating the U 

4,260

1,553 1,219

0

5

Test 1 - 1 AP layer Test 2 - 2 AP layers Test 3 - 3 AP layers

Thermal transmittance (W/m2K)

Thermal 
conductivity 
λ (W/m.K) 

Thermal 
resistance 
(m² K/W) 

Thermal 
transmittance 

(W/m² K) 
Characteristics of using aseptic packaging Ref. 

0.045 0.49 2.05 32 AP containers cut and glued together to form a layer [19] 
0.064 0.7 1.43 Wooden frame and cut AP (with air chambers) [19] 

  1.19 Tetra-brick (AP filled with plastic waste) [14] 
  0.92 Empty AP container as an insulator [14] 
  0.49 AP multi-layered, compressed containers with 2 cm air chamber [14] 
 0.7  Tectan (plate made with crushed AP glued and pressed) [13] 

0.03-0.05 1.51-1.08 0.922 (value 
conductance) 

Plastic wood modular panels of composites with AP fibres (variation 
of results depends on density) 

[20] 

 1.95  80 mm cellulose fibre wool [13] 
0.048   Mineral wool [20] 
0.031   Styrofoam [20] 
0.027   Polyurethane foam [20] 
0.058   Vermiculite [20] 
0.032   Glass wool [36] 
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values for the whole wall of an emergency house 
designed with two 15 cm-oriented strand board 
(OSB) panels thermally insulated with AP, this study 
stated that the six alternatives (Table 3) met the 
current mandatory national standard or General 
Urban Planning and Construction Ordinance (OGUC 
by its Spanish acronym), required for thermal zone 2 
(Valparaíso City). Nevertheless, the AP walls did not 
meet the new recommended national standard, 
even though the AP panel (three layers) had values 
close to those recommended.  

 
Table 2: AP thermal resistance compared with other 
research and conventional insulation materials (grey). 

AP panel tested 
Thermal 

resistance 
(R) m²K/W 

Ref. 

AP panel (1 layer) 0.44 - 
AP panel (2 layers) 0.64 - 
AP panel (3 layers) 0.82 - 

Cylindrical AP filled with plastic bags 
used as insulation ‘blocks’ 0.64 [14] 

Empty AP used as insulation ‘blocks’ 0.82 [14] 
40 mm glass wool 1.2 [36] 

 
Table 3: Compliance of walls (same order as Table 1) with 
the current Chilean standard (W/m²K). 

U 
value 
of the 
wall 

U value for 
Valparaíso ECS 

(recommended) 

U value for 
Valparaíso OGUC 

(mandatory) 

1.35 0.8 3 
1.06 0.8 3 
0.89 0.8 3 
1.37 0.8 3 
1.03 0.8 3 
0.66 0.8 3 

 
4. CONCLUSION 

From the literature review carried out, it was 
concluded that there are at least five potential uses 
of AP in the construction industry: as a thermal 
insulator, filling slabs or walls, improving fibres in 
concrete, as fibres in asphalt mixtures and as a 
substitute for other materials or components. Some 
of these, such as insulating material, have mostly 
been explored by researchers for their intrinsic 
composition of insulating layers and the presence of 
aluminium. In addition, their use as fibres in asphalt 
mixtures has great potential to mitigate the final 
disposal of APs, as the consumption of AP waste for 
this purpose could reach very high volumes, 
absorbing a large amount of waste generated. Thus, 
it has been found that the use of recycled AP 
represents a promising option, depending on the 
socio-economic, technological or cultural context 
where it is to be applied. It will also depend on the 
supply and demand of the product, since it is 

necessary to connect the production chain, from the 
final disposal of the AP after its primary use in food 
to the correct discarding by society, as well as the 
correct selection and reuse in the extension of AP’s 
embodied energy. 

Regarding the applicability of AP reuse or 
recycling as insulation, the low thermal 
transmittance values show an essential benefit as a 
thermal insulator, as shown by the literature on 
different alternatives and the three types of uses 
assessed in the current study. Despite this, other 
critical technical aspects, such as durability, fire 
resistance, vulnerability to interstitial condensation 
and others, could be compromised. Furthermore, it 
is still necessary to conduct new research to prove 
AP as thermal insulation comply the standards 
recommended for some cities in Chile. Thus, without 
scientific studies that demonstrate compliance with 
these requirements, the application of AP as an 
insulator is restricted to temporary uses, such as in 
emergency housing. 
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ABSTRACT: Thermosiphon and heat pipes are alternatives to passive air conditioning because of their heat 
transfer capability. Thus, this article has the objective is to evaluate through analytical simulations, using the 
MatLab software, different external and internal heat transfer coefficients (h), so that a wall thermosyphon this 
may be capable of passively to reduce heat generated by internal charge density in residential bedrooms in the 
city of Florianópolis-Brazil of climate humid subtropical (Cfa), for summer. In the results obtained, it was 
observed that the thermosyphon array showed to be capable of passively transferring heat between 
environments the internal and external, in housing applications, however, observations must be made. Where 
the array was simulated only with the tubes, in cases where Δt is equal to 1 and 4, there is difficulty in the 
proposed strategy, especially when the external convective coefficients are less than or equal to 25 W/(m²K), 
enlarging surfaces to transfer the heat generated would be an alternative. Already when the external heat 
transfer coefficients are greater than 100 W/(m²K), the internal coefficients are smaller what 10 W/(m²K), in this 
context, the use of water as a means of heat exchange proved to be the best alternative for the condenser. 
KEYWORDS: Wall Thermosiphon, Passive solutions, Internal charge density, MatLab. 

 
 

1. INTRODUCTION  
According to studies by the International Energy 

Agency (IEA) [1], around 40% of the energy 
consumed in the world is related to buildings. In 
Brazil, only the residential sector uses 27,6% of all 
electricity produced in the country [2]. Among the 
aspects that influence energy consumption, there 
are active air conditioning solutions (air 
conditioners, electric fans, exhaust fans, air 
exchangers, heating, among others), which are 
currently widely used in homes and non-domestic 
buildings. Thus, it is expected the development of 
more efficient projects, which can reduce the 
environmental impact associated with the 
construction and use of buildings, reducing energy 
demand, and improving the thermal comfort of 
occupants through the incorporation of passive 
architectural strategies [3].  

Therefore, new passive solutions are 
increasingly being studied, an example of which can 
be the use of two-phase thermosyphons and heat 
tubes in walls [4], [5], [6], and [7]. Integrated into 
the seals, these systems have three main 
denominations: (1) Wall Implanted with Heat Pipes 
- WIHP; (2) Wall Thermosyphon - WT; e (3) Trombe 
Wall Implanted with Heat Pipes - TIHP. Such 
technology can contribute to minimize energy 
consumption by air conditioning and its 

consequences on environmental degradation and 
greenhouse gas emissions [8]. 

Thermosyphons are considered to be very 
efficient elements concerning heat transfer, 
transmitting a large amount of heat, without 
additional energy consumption, even when the 
temperature difference is low [9]. According to 
Alizadehdakhel et al. [10] (p. 312) “simplicity of 
design, high heat transfer rate, one-sided heat 
transfer (thermal diode), low cost, low weight, low 
maintenance cost, etc.” make this equipment more 
promising for incorporation in buildings. 

These devices are formed by three parts, the 
evaporator, adiabatic, and condenser sections. The 
evaporator is installed below the condenser to 
allow the condensed fluid to return to the gravity 
evaporation section. The heat exchanges of these 
devices are caused by the phase change of the 
liquid in the evaporating and condensing sections. 
In this sense, the working fluid is evaporated as it 
absorbs a given amount of heat equivalent to the 
latent heat of vaporization (Figure 1c), causing an 
increase in the vapor pressure inside the tube 
cavity. This difference in vapor pressure, present at 
the end of the evaporator and condenser, causes a 
pressure gradient in the vapor core that causes the 
vapor to transport upwards to the condenser. In 
this process, the vapor is converted into liquid, 
neglecting its latent heat of condensation, and 

 

raising the temperature of the condenser end 
(Figure 1a), in this way, the condensed liquid 
returns to the evaporation section as a thin film on 
the tube wall through of gravity [11] and [12]. 
 
Figure 1:  
Gravity-assisted two-phase closed thermosiphon 

 
Note: Adapted from Zhong and Ji, [12]. 
 

For this work, a wall thermosyphon (WT) is 
incorporated in a bedroom, with the evaporator 
inside the room, while the condenser is located 
outside. The objective is to evaluate through 
analytical simulations, using the MatLab software, 
different external and internal heat transfer 
coefficients (h), so that a wall thermosyphon may 
be capable of passively to reduce heat generated by 
internal charge density in residential bedrooms in 
the city of Florianópolis-Brazil of climate humid 
subtropical (Cfa), for summer. 
 
2. METHOD 

The Methodology of this work is always in four 
stages: 2.1 The object of study, characterizing the 
study environment1; 2.2 Modeling presents a code 
developed from models defined from models, 2 
Correlations of linear computing models, as well as 
linear adjustment parameters and employee 
variables, from modeling; 2.3 Criteria for 
determining wall thermosyphon; 2.4 Simulation 
processing, which concerns the method used in the 
simulations through the MATLAB software and 
offered for the results. 
 
2.1 Study object 

Florianópolis, the capital of the state of Santa 
Catarina, is located in the southern region of Brazil, 
has a latitude of 27.7 ° S, longitude 48.5° W and 
altitude 7m above sea level, its climate is 
determined as Cfa, according to the Köppen-Geiger 
classification. For this study, a long-term 
environment (bedroom 1), which has a ceiling 
height of 2.50 m, a width of 2.60 m and length of 
3.10 m, totaling an area of 8.07 m², Figure 2. The 
chosen environment was defined from a base case 
obtained through studies carried out by Triana et al. 

[13]. This reference model concerns an isolated 
single-family house, which represented 35% of the 
sample for the family income level of 1 to three 
minimum wages in Brazil. 

 
Figure 2:  
Representative project for the detached house 

 

 

Note: Adapted from Triana et al. [13]. 
 

From the sum of heat gain by occupation, 
artificial lighting and equipment, the internal charge 
density of the room was determined, obtaining 
329.19W, such data were based on ISO 7730 [14] 
and NBR 16401-1 [15]. 
 
2.2 Computer modeling 

A numerical modeling approach in steady-state 
is considered in this study, using MatLab software, 
such regime is also used by other authors to study 
the application of thermosyphons in the envelope 
[4], [16]. In modeling the device using the software, 
it is considered that the heat is transferred through 
the thermosyphon by two thermal resistances in 
series:  boiling and condensation, which models are 
available in the literature [17].  

The use of fins, which are extended, flat and 
annular surfaces externally connected to the 
thermosiphon tubes, to increase the natural 
convection heat transfer rate to the environment, is 
considered in the numerical code. The idea is to 
reduce the heat transferred from the external to 
the internal house environment, offering more 
thermal comfort and, for that, the heat transfer 
coefficients evaluated by the software, are needed 
[18], if the use of tubes alone is not enough to 
reduce heat.  

In this context, the fixed parameters modeled in 
the Code are shown in Table 1, which follows: 
 
Table 1:  
Fixed parameters related to thermosyphon design 

Symbol Description Value 

k Thermal conductivity of tubes 
and fins (copper) 

380 
W/(mK) 

qm Maximum internal charge 
density 329,19 W 
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tint 
Constant module internal 

temperature 
296,15K = 

23°C 
Lc Condenser length 2,00 m 

Lc Evaporator length 2,50 m 

di 
Outside diameter of 

evaporator and condenser 25,4x10-3 m 

do Internal diameter of 
evaporator and condenser 21,4x10-3 m 

 Evaporator fill factor 0,6 

t Flat fin thickness 2x10-3 m 

w Flat fin width 40x10-3 m 

Ltc 
Length lost in annular fin 

fabrication 15x10-3 m 

tae Annular fin thickness 3x10-4 m 

dac Annular fin diameter 60x10-3 m 

 
The refrigerant R141b was selected for this 

study, as it was used in other studies that proposed 
wall thermosyphons for buildings [5] and [19]. The 
fluid has significant heat transfer capacity and 
needs a smaller tube wall thickness compared to 
other fluids, which means lower merit number and 
lower vapor pressure. In addition, the refrigerant is 
compatible with the material of the tubes and does 
not present flammability toxicity, fundamental 
parameters for incorporation in buildings. 

Another fixed parameter established for the 
simulations concerns the temperature to be 
reached inside the model with the incorporation of 
the two-phase thermosiphon in the circuit. In this 
study, this variable was determined at 23 °C, 
because according to ASHREA 55 [20], this value is 
the recommended one to achieve acceptable 
thermal comfort for occupants of an indoor 
environment. 

As for the variable parameters, it was decided to 
change: the number of tubes in the evaporator and 
condenser sections; the internal and external air 
temperature differences of the module (ΔT) in K; 
and the number of flat and annular fins. Among 
these parameters, the temperatures of the external 
air were determined taking into account the 
internal temperature to be reached in the module 
(23 °C), thus, as it is a passive system, values lower 
than tin were defined, namely: 22, 20, 18 and 16 °C. 
 
2.3 Criteria for determination of WT 

In order to define the number of tubes in the 
thermosiphon array and assess its applicability to 
passively reduce heat generated by the internal 
load density of the bedroom, the heat transferred 
by the device, between the internal and external 
environments, where it is inserted, is evaluated. 
Therefore, the natural convection heat transfer 
coefficients (h) are analyzed, using correlations 

presented by Incropera et al. [18], who show that, 
for gases (air) in natural convection, the heat 
transfer coefficient must range between 2 to 25 
W/(m²K), while for liquids (water) it must vary 
between 50 to 1000 W/(m²K). In this scenario, for 
cases that obtain results with coefficients below 25 
W/(m²K), the device's passive heat exchanges can 
occur from the use of air, while for results above 25 
W/(m²K), water becomes up a design alternative. 

Another key factor established was the 
maximum number of tubes to be implanted in the 
dormitory wall. For this study, it was decided to 
occupy the east wall, which is 3.10m long. In this 
context, considering the external diameter of the 
heat pipes and the minimum spacing of 50x10-3m 
between them, the maximum number of pipes 
would be 40. In addition, the dimensions of the 
annular and flat fins were also considered in the 
determination of the set, since that, with the 
addition of these surfaces to the tubes, it is possible 
to install a maximum of 30 finned tubes, since the 
annular fins have a diameter of 60x10-3m, in 
addition to respecting the spacing of 40x10-3m 
between the pieces. 

It is also added as a system implementation 
criterion, the maximum amount of fins installed in 
the tube, with regard to the annular ones, they are 
3x10-4m thick, in this way, 80 fins can be 
implemented, respecting a minimum spacing of 
22x10-4m between them in a length of 2,00m. 
Regarding the flat fins, for this research the 
maximum number considered in the evaporator 
section was 24, since a higher number of fins could 
interfere with the fabrication or adequate 
performance of the system. 
 
2.4 Simulation processing 

The simulation processing was divided into two 
main stages: 

1. Number of tubes - 12 simulations were 
carried out, considering as parameters of variations 
(1) the number of tubes, 40, 35, and 30 tubes; and 
(2) the ΔT of 1, 3, 5, and 7, which correspond to the 
difference between the internal and external 
temperature, respectively, changing the 
temperature of the external air by 22, 20, 18, and 
16 °C. Next, it was asked if the results provided in 
the 12 initial tests respected the criterion of ≤25 
W/(m²K), which deals with the internal and external 
heat transfer coefficients, if the condition were 
respected, the process would move to the last 
phase, where the decrease in the number of tubes 
was established, considering the previous criterion. 
However, if the decision were not confirmed, the 
convergence of the simulations would proceed to 
the next step. 

 

2. Addition of fins - at the end of the previous 
stage, annular and flat fins were added to the 
condenser and evaporator, respectively, to increase 
the heat transfer area and reduce the convective 
coefficients. For this purpose, 40 annular fins and 8 
flat fins were fixed per tube and the number of 
tubes (20, 25, and 30) and the ΔT (1, 3, 5, and 7) 
were differentiated. If the situation were 
established and obeyed, the results would be 
stored refinements and the set would be 
conducted. However, if there are integrated, being 
more complex, 60 fins to the condenser and 16 to 
the evaporator. This process until it can define 
convective coefficients ≤ 25 W/(m²K), or up to the 
limit of the number of fins installed in the 
evaporator and condenser, which were 24 and 80, 
respectively. 
 
3. RESULTS 

Tables 2 to 5 present the results of the internal 
heat transfer coefficients (corresponding to the 
external coefficients (hext) of 5, 10, 20, 25, 50 and 
100 W/(m²K). The tests presented in Table 2 
represent the differences between the temperature 
of the indoor air, determined by the evaporator 
section (as a constant to be reached of 23°C) and 
the temperature of the outdoor air (assumed, for 
these simulations, at 22, 20, 18 and 16°C, which 
correspond to at ΔT of 7, 5, 3 and 1). In this 
scenario, the data in Table 2, that in only nine 
situations, the convective coefficients 25W/(m²K), 
for the interior and exterior of the environment 
occurred simultaneously, being these in situations 
with conditions with ΔT 7, for the tests with 30, 35 
and 40 tubes and, ΔT 5, with 35 and 40 tubes. On 
other occasions, it was not possible to reach the 
objective that the internal heat reached a constant 
temperature of 23°C, using natural convective 
principles. 
 
Table 2:  
hint results varying the ΔT (1, 3, 5 and 7) and number of 
tubes (30, 35 and 40) 

  EExxtteerrnnaall  hheeaatt  ttrraannssffeerr  ccooeeffffiicciieenntt  WW//((mm²²KK))  

CCaassee  55  1100  2200  2255  5500  110000  

3300
  ttuu

bbee
ss 

CC0011--ΔΔTT::11  --  --  --  --  --  224433  

CC0022--ΔΔTT::33  --  --  --  --  3377,,2200  2255,,4400  

CC0033--ΔΔTT::55  --  --  4411,,1100  2277,,0000  1155,,9900  1133,,3300  

CC0044--ΔΔTT::77  --  --  1166,,77  1133,,66  1100,,33  88,,8899  

3355
  ttuu

bbee
ss  

CC0055--ΔΔTT::11  --  --  --  --  --  113377  

CC0066--ΔΔTT::33  --  --  --  9944,,4400  2277,,8800  2200,,2200  

CC0077--ΔΔTT::55  --  --  2255,,7700  1188,,9900  1122,,9900  1111,,1100  

CC0088--ΔΔTT::77  --  5577,,4400  1122,,5500  1100,,7700  88,,5533  77,,6644  

4400
  ttuu

bbee
ss  

CC0099--ΔΔTT::11 --  --  --  --  --  9933,,3300  

CC1100--ΔΔTT::33 --  --  114488  5500,,6600  2233,,2200  1177,,1100  

CC1111--ΔΔTT::55 --  --  1144,,9900  1188,,4400  1100,,8800  99,,1155  

CC1122--ΔΔTT::77 - 2266,,3300  99,,9944  88,,8800  77,,0033  66,,4411  

 
A factor to be considered in this evaluation is 

obtaining coefficients below 25W/(m²K) when the 
hext presents themselves with 50 and 100 W/(m²K), 
which shows the potential of the device. However, 
only with the installation of tubes, in most cases, 
the results are lower than established. That said, 
the next simulations were performed using surfaces 
extended to the tubes. In which, 40 annular fins 
were added to the condenser, and 8 flat fins to the 
evaporator, in order to increase the heat transfer 
areas of the set. However, considering the width of 
the flat fins and the diameter of the annular fins, 
the variations in the number of tubes were changed 
to 30, 25 and 20, while the ΔT variations were 
maintained. 

From Table 3, it can be seen that with the 
addition of fins there was an improvement in 
relation to the previous results. In tests C16, C19, 
C20, C23 and C24, for example, results of internal 
and external convective coefficients lower than 25 
W/(m²K) were collected. 

 
Table 3: 
hint results by fixing 40 annular and 8 flat fins, and varying 
the ΔT (1, 3, 5 and 7) and number of tubes (20, 25 and 30) 

  EExxtteerrnnaall  hheeaatt  ttrraannssffeerr  ccooeeffffiicciieenntt  WW//((mm²²KK))  

CCaassee  55  1100  2200  2255  5500  110000  

2200
  ttuu

bbee
ss 

CC1133--ΔΔTT::11  --  --  --  --  3311,,4400  1155,,5500  

CC1144--ΔΔTT::33  --  9988,,4400  66,,0033  55,,2288  44..0033  33..5544  

CC1155--ΔΔTT::55  --  44,,3344  22,,6633  22,,4444  22,,1144  11,,9944  

CC1166--ΔΔTT::77  66,,8811  22,,2255  11,,6699  11,,6600  11,,4466  11,,3377  

2255
  ttuu

bbee
ss  

CC1177--ΔΔTT::11  --  --  --  --  1166,,4400  1111,,1100  

CC1188--ΔΔTT::33  --  1100,,0088  44,,1133  33,,6655  22,,9966  22,,7711  

CC1199--ΔΔTT::55  1155,,1122  22,,7722  11,,8888  11,,7788  11,,6611  11,,5522  

CC2200--ΔΔTT::77  22,,9955  11,,6611  11,,2299  11,,2244  11,,1144  11,,0099  

3300
  ttuu

bbee
ss  

CC2211--ΔΔTT::11 --  --  --  3388,,4400  1111,,2200  88,,3322  

CC2222--ΔΔTT::33 --  55,,6677  33,,0088  22,,7733  22,,4400  22,,2211  

CC2233--ΔΔTT::55 44,,9955  11,,9977  11,,4477  11,,4466  11,,3333  11,,2288  

CC2244--ΔΔTT::77  11,,9911  11,,2244  11,,0011  00,,9988  00,,9955  00,,9911  

 
As for the simulations with ΔT 3, the external 

convective coefficients superior than 10 W/(m²K) 
were within the defined criteria.  
Another important aspect to be highlighted is that, 
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like the previous combinations, when the hext is 
presented with 50 and 100 W/(m²K), results lower 
than 25W/(m²K) are acquired in almost all the 
simulations performed. 

For the next simulations, it was decided to 
discard the results within the established criteria. 
Therefore, the results are presented in Table 4, with 
the same variations performed in Table 3, however, 
20 more annular fins were added to the condenser 
and 8 flat fins to the evaporator, totaling 60 and 16 
fins, respectively. As in previous simulations, the 
results did not allow for what was determined; 
however, with external coefficient above 50 
W/(m²K), the results were less than 25 W/(m²K), 
when 30 or 25 finned tubes were installed. In tests 
C31 and C27, all results had coefficients lower than 
25 W/(m²K). 

It is also noted that in the tests for ΔT 3, with 
20 and 25 finned tubes, the definition was not 
reached only for the coefficient of 5 W/(m²K). In 
this scenario, it is important to highlight that 
authors present in the literature, such as Wang et 
al. [21] and Yu et al. [22] use 20 W/m²K) for external 
coefficients and 10 W/(m²K) for internal coefficients 
in heat transfer studies in environments that use 
natural convection, showing the passive potential of 
the system. 
 
Table 4: 
hint results by fixing 60 annular and 16 flat fins, and 
varying the ΔT (1, 3 and 5) and number of tubes (20, 25 
and 30) 

  EExxtteerrnnaall  hheeaatt  ttrraannssffeerr  ccooeeffffiicciieenntt  WW//((mm²²KK))  

CCaassee  55  1100  2200  2255  5500  110000  

2200
  ttuu

bbee
ss CC2255--ΔΔTT::11  --  --  --  8866,,8800  99,,3300  66,,1133  

CC2266--ΔΔTT::33  --  55,,5566  22,,9900  22,,3366  11,,9900  11,,7744  

CC2277--ΔΔTT::55  11,,0011  11,,0077  11,,1199  11,,2266  11,,7722  55,,6611  

2255
  ttuu

bbee
ss  

CC2288--ΔΔTT::11  --  --  4455,,44  1155,,55  66,,6611  44,,9944  

CC2299--ΔΔTT::33  --  33,,0011  11,,8855  11,,7733  11,,4477  11,,3388  

3300
  ttuu

bbee
ss  

CC3300--ΔΔTT::11 --  --  1133,,5500  88,,5588  55,,0066  44,,1122  

CC3311--ΔΔTT::33 1133,,4400  11,,9988  11,,4422  11,,3399  11,,2233  11,,1177  

 
Finally, in Table 5, the last 6 tests were 

performed, adding annular and flat fins to the 
tubes, which totaled 80 and 24 fins, respectively. 
With the addition of these extended surfaces, the 
simulations C34 and C34, corresponded to the 
coefficients indicated by Incropera et al. [18] by 
using natural convection. For simulations C33, C35 
and C37, with external coefficients of 20 and 25 
W/(m²K), coefficients ≤10 W/(m²K) can be obtained. 
While, once again, the results for ΔT 1, in all cases, 

do not correspond to the criteria defined for 5 and 
10 W/(m²K). 

 
Table 5: 
hint results by fixing 80 annular and 16 flat fins, and 
varying the ΔT (1, 3 and) and number of tubes (20, 25 and 
30) 

  EExxtteerrnnaall  hheeaatt  ttrraannssffeerr  ccooeeffffiicciieenntt  WW//((mm²²KK))  

CCaassee  55  1100  2200  2255  5500  110000  

2200
  ttuu

bbee
ss CC3322--ΔΔTT::11  --  --  2299,,7700  1100,,3300  44,,3399  33,,3355  

CC3333--ΔΔTT::33  --  11,,9922  11,,5522  11,,1144  00,,9988  00,,9955  

CC3344--ΔΔTT::55  11,,5555  00,,9966  00,,9922  00,,8899  00,,8844  00,,8811  

2255
  ttuu

bbee
ss  

CC3355--ΔΔTT::11  --  --  77,,4466  55,,0077  33,,0055  22..5533  

CC3366--ΔΔTT::33  55,,1177  11,,2222  00,,9955  00,,9922  00,,9900  00,,8877  

3300
  

CC3377--ΔΔTT::11 --  --  44,,2288  33,,3366  22,,3366  22,,0044  

 
Therefore, considering the results presented in 

this section, it can be determined that the 
thermosyphon set proved to be capable of 
extracting heat from an environment, using the 
defined criterion. It is worth mentioning that in 
situations where ΔT is equal to 1, the proposed 
strategy is difficult, requiring an increase in the 
number of finned tubes to achieve the objective, 
especially when the convective coefficients are less 
than or equal to 10 W/( m²K). 

Furthermore, with the addition of the extended 
surfaces to the tubes, it can be seen that this was 
an important strategy to reduce the convective 
coefficients. Finally, mention that the results not 
achieved do not rule out the potential use of the 
thermosyphon set. 

Thus, to indicate the implementation of the 
system in the architecture, in addition to allowing 
the device to operate with ΔT, close to or equal to 
1, there are some deductions (evidence): (1) 
increase the external coefficients, from the use of 
liquids as convection Natural; (2) create a passive 
indoor air circulation system, so that the air does 
not become stagnant during the operating process, 
and improve the performance of the set for critical 
situations, such as ΔT of 1; and (3) allow 
alternatives for the condensation region, since this 
possibility has more arrangements and workability 
as it is located in the external environment of the 
building. 

 
4. CONCLUSION 

The main objective of this work is to evaluate 
the potential of a two-phase thermosif installed in a 
vertical fence in the interest of a dormitory in a 
social housing. From the results presented, it can be 
seen that the thermosyphon array showed to be 
capable of passively transferring heat between the 

 

internal and external environments, in housing 
applications, however, observations must be made. 
Where the array was simulated only with the tubes, 
in cases where Δt is equal to 1 and 4, there is 
difficulty in the proposed strategy, especially when 
the external convective coefficients are less than or 
equal to 25 W/(m²K), enlarging surfaces to transfer 
the heat generated would be an alternative. 
 Already when the external heat transfer 
coefficients are greater than 100 W/(m²K), the 
internal coefficients are smaller than 10 W/(m²K), in 
this context, the use of water as a means of heat 
exchange proved to be the best alternative for the 
condenser, in this context, it would be advisable to 
allow this section to be connected to a water tank 
to capture the generated heat more efficiently. 
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ABSTRACT: This study includes accessibility requirements to support facility users with various impairments. The 
checklists in this study have been developed by focusing on indoor sports facilities such as swimming, badminton, table 
tennis, basketball, and volleyball, which are representative and popular sports in Korea. The accessibility evaluation 
checklist in the research has been designed for “Excellent Para-sports Facilities” and “Disability-friendly Sports 
Facilities” to establish suitable accessibility evaluation checklists for each facility. 
KEYWORDS: Accessibility, Para-Sports Facilities, Disability-friendly Sports Facilities, Barrier-Free, Universal Design  
 
 

1. INTRODUCTION 
1.1 The significance of this study 

Sports activities are social and cultural activities that 
not only improve participants’ physical strength but also 
provide a sense of accomplishment and confidence that 
reminds people that they are members of a society 
through cooperation. In particular, for people with 
disabilities, physical activity can help prevent the decline 
of functionality caused by their impairment and can 
enhance their other physical capabilities. This could 
include social means that help maintain positive human 
relationships and improve social adaptative abilities. 
Thus, an important role of society is to provide barrier-
free sports facilities that promote universal equity. 

Enabling everyone to engage in sports equally 
requires improving social awareness and providing 
facilities without obstacles. Despite the growing interest 
in daily sports activities regardless of disability, it is often 
still difficult for the disabled to use sports facilities 
independently and voluntarily and to socialize with 
people in their communities.  

The purpose of this study is to realize a society without 
any obstacles by preparing an evaluation checklist for a 
specific facility type, sports facilities, instead of a 
consistent approach to the issue. 
 

1.2 Background on the Accessibility of Sports Facilities 
Korean society has evolved over a long period of time 

to create “Barrier-free Buildings” and accessibility rights 

have been legally guaranteed by laws, regulations, 
certifications, and so forth. 

 

1. The Act on Guarantee of Promotion of 
Convenience of Persons with Disabilities, the 
aged, Pregnant Women (Act on the Promotion of 
Convenience) 

This Act was enacted in 1997 and has been in 
effect since 1998 to contribute to the promotion of 
social activities and welfare of the disabled, the 
elderly, pregnant women, etc. by ensuring that they 
can safely and conveniently use facilities and access 
information in their daily lives. 
 

2. Barrier-free (BF) Certificate  
As the Act on the Guarantee of Promotion of 

Convenience of Persons with Disabilities, the Aged, 
Pregnant Women (Act on Promotion of Convenience) 
was amended in 2015, public buildings such as 
government buildings and cultural facilities newly 
built by the state and local governments and facilities 
designated by the President among public facilities 
must compulsorily obtain certification. 

  

3. Detailed Accessibility Standards for the disabled 
This “Detailed Standards” designed by the Ministry 

of Health & Welfare (MOHW) has been the standard 
design document for Act on Promotion of 
Convenience. This “Detailed Standards” has been 
adopted by “Barrier-free (BF) Certificate.” 
 

 

 

4. Build Bandabi Sports Centers on a national scale 
The government has set a plan to build 150 new 

“Bandabi Sports Centers,” which are integrated 
sports facilities that can accommodate both disabled 
and non-disabled people, by 2025 as a part of the 
project “Legacy of the 2018 Pyeongchang Winter 
Paralympic Games”; this consists of 80 gymnasiums, 
40 swimming pools, and 30 buildings for specific 
sports events. 

 
2. COMPARATIVE ANALYSIS 

Existing domestic and foreign design guidelines and 
standards have been compared and analyzed to develop 
comprehensive indexes.  
2.1 National Guidelines and Regulations 

The PyeongChang Organizing Committee for the 2018 
Olympic and Paralympic Winter Games (POCOG) and the 
manual for the adequate design of facilities for persons 
with disabilities at public sports facilities (Manual for 
Public Sports Facilities) were investigated for national 
guidelines. POCOG illustrates stronger standards in 
general while the Manual for Public Sports Facilities sets 
out requirements on diving aids at swimming pools, 
supports for sitting volleyball, and goalposts for goalball. 

The Act on Guarantee of Promotion of Convenience of 
Persons with Disabilities, the Aged, Pregnant Women, 
etc. (Act on Promotion of Convenience) and Barrier-free 
Certification Standards (BF Standards) were examined 
for national regulations. It was found that the BF 
Standards apply stricter criteria than the Act on 
Promotion of Convenience overall. The criteria of 
“Barrier-free (BF) Certification” were taken among other 
potential domestic standards because its criteria 
embrace others. 
 

2.2 Overseas Standards and Cases 
The Tokyo 2020 Accessibility Guidelines and the 

Americans with Disabilities Act (ADA) were analyzed as 
overseas standards. The ADA presents standards for 
existing construction, which current national standards 
lack. 

For overseas cases, the Design Guidelines for 
accessibility for the Elderly and the Disabled (Japan) and 
Barrierefrei-Bauen fur die zekunft criteria appl 
(Germany) were explored. These cases demonstrate 
more focused detail, including securing visibility in the 
stands and using appropriate materials for furniture. 

After analyzing overseas standards, some issues 
were applied to supplement the Korean national 
standards. For some standards that go contrary to those 
in Korea, national standards were adopted as a priority.   
 
3. DEVELOPMENT OF CHECKLISTS 
3.1 Application of the results from field studies 

The project “Certificate Sports Facilities for the 
disabled friendly sports facilities and Excellent Para-
Sports Facilities” was established since 2019 in Korea to 
select and certify sports facilities for promoting 
accessible sports facilities. For the project conducted by 
the Ministry of Culture, Sports and Tourism(MOCPT) 
with the Korea Paralympic Committee to discover and 
disseminate the best practices for sports facilities.  
MOSCT selected 18 facilities recommended by 17 local 
administrative governments. It was found that facilities 
were not properly installed and accessibility were 
insufficient as follows: 

 

∙ Connections Facilities – 61.1% (11 locations) of all 
survey subjects showed inappropriate slope of the 
access roads.  

∙ Interior Facilities – 27.8% (five locations) were found 
to be inappropriate in terms of steps to the entrance 
door and 22.2% (four locations) were found to be 
inappropriate in terms of height differences between 
corridors and passages.  

∙ Sanitary Facilities – 11.1% (two locations) of the 
survey subjects had not installed point-type blocks, had 
not attached Braille signs, and did not secure effective 
floor areas or side activity spaces, resulting in 33.3% (six 
locations) and 22.2% (four locations) of the sink. The 
shower rooms and changing rooms of 27.8% (five 
locations) horizontal and vertical handles were either 
absent or inappropriately installed, and 16.7% (three 
locations) and 27.8% (five locations) had no installed 
shower foldable chairs, respectively, making it difficult 
for wheelchair users.  

∙ Informative Facilities – inappropriate installation of 
point-type and linear blocks, information facilities, 
Braille information boards and tactile information 
boards were evident at 22.2% (four locations) each. In 
warning and evacuation facilities, 16.7% (three locations) 
had none installed, including emergency warnings for 
the hearing impaired, showing vulnerability to guidance 
for the hearing impaired.  

∙ Other Facilities – Unsecured lower space of the 
reception desk and information desk accounted for 50% 
(nine places), 61.1% (11 places) could not provide a sign 
language interpreter service in terms of 
convenience/personal service, and 22.2% (four places) 
had non-disposition of mobile assistants and 
receptionists. Evidently, the provision of human services 
is insufficient. 

∙ Additional Facility – swimming pool category, 30.8% 
(four locations among the 13 swimming pools) had not 
installed, 46.2% (six locations) had no diving lifts 
installed, and 23.1% (three locations) were 
inappropriate for the effective width installation of 
diving ramps. In the indoor gymnasium category, 61.1% 
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(11 locations) had no seated volleyball supports and 83.3% 
(15 locations) had no goalposts where these are 
mandatory facilities under the Act on the Prohibition of 
Disability Discrimination.  

 

Analyzing the above evaluation results, it seems 
necessary to supplement wheelchair activity spaces in 
access roads and toilets, induction and guidance facilities 
for the visually and hearing impaired, provision of 
human services, and additional facilities for indoor 
gymnasiums. 

The results were provided and used to develop 
evaluation checklists. Through the field survey, 
Accessible roads and paths, sufficient space for 
wheelchairs in disabled toilets, and the provision of 
convenience and human services were supplemented in 
the evaluation checklists. 
 

3.2 Subdivision of the checklist 
It is generally considered that it would be better for 

people with disabilities to use facilities dedicated to the 
disabled. Therefore, it is common to think that disabled 
people will use facilities specifically designed to 
accommodate disabled people more than common 
facilities. However, according to a survey on 
participation in sports for the disabled by the Korea 
Statistical Information Service (KOSIS), on average, the 
disabled use “common public sports facilities” 3.5 times 
a week, “public sports facilities for the disabled” 2.9 
times a week, and “private sports facilities” 3.37 times 
per week. As can be seen from these statistics, disabled 
people use “common public sports facilities” more than 
“public sports facilities for the disabled.”  
 

 
Figure 1. Average number of using places for sports activities1 

 

   The statistics show that people with disabilities use 
“Common public sports facilities” more than sports 
facilities for the disabled. A statistical indicator shows 
that it is a false perception that people with disabilities 
will use more facilities for disabled people. 

 
1 Survey conducted in 2019 by Korea Statistical Information Service 

In this study, the accessibility evaluation checklists 
target either facilities for common and facilities for the 
disabled to broaden options for the disabled to realize a 
universal life for people with disabilities; “Disability-
friendly Sports Facilities” and “Excellent Para-sports 
Facilities.” 
 

3.3 Classifications and Categories 
For the structure of the checklist, relevant categories 

have been analyzed from (1) Act on Guarantee of 
Promotion of Convenience of Persons with Disabilities, 
the Aged, Pregnant Women (hereafter referred to as 
“Act on Promotion of Convenience”), (2) Act on the 
Prohibition of Discrimination against Persons with 
Disabilities, Remedy against Infringement of Their Rights, 
etc. (hereafter referred to as “Act on Prohibition of 
Disability Discrimination”), (3) Barrier-free Certificate 
(hereafter referred to as “BF Certificate”). 

The breakdown structures consist of classifications, 
categories, and subsections. The classifications are 
composed of (1) Connections Facilities — Access to 
buildings, (2) Interior Facilities — overall use of internal 
facilities, (3) Sanitary Facilities — use of accessible 
sanitary facilities, (4) Informative Facilities —  
informative facilities that enable independent use for 
everyone, (5) Other Facilities — collateral facilities for 
using the entire facilities, and (6) Additional Facilities — 
equipment for specific sports. Each classification has two 
to four categories and each category has several 
subsections. 

 

∙ “Connections Facilities” are facilities that connect 
from the outside to the main entrance and consist of 
effective width and slope of access roads, classification 
of steps and sidewalks, roughness of floor surfaces, and 
installation of braille blocks (linear and point blocks) on 
sidewalks between building main entrances and roads, 
and transportation facilities.  

 

 ∙ “Interior Facilities” evaluates the effective width and 
activity space of the entrance (door), the type of door, 
handle, and Braille signs, and the effective width, floor, 
and safety of corridors and passages. 

 

∙ “Sanitary Facilities” is divided into five categories: 
general information on toilets available to the disabled, 
toilets, washbasins, and shower/dressing rooms. It 
evaluates whether various users—including the disabled, 
elderly, and pregnant women—can use them safely and 
conveniently. 

 

  ∙ “Informative Facilities” are divided into Braille 
blocks, guidance and guidance facilities, and warning 
and evacuation facilities. Braille blocks are evaluated by 

 

 

dividing them into specifications, colors, and installation 
methods, and induction and guidance facilities refer to 
Braille information boards, tactile information boards, 
voice information devices, and other induction signal 
devices. 

 

∙ “Other Facilities” evaluates the securing of space in 
front of the reception desk/workstation, the height and 
lower space of the reception desk/workstation, the 
convenience of using the accessible seats, and the 
installation of rest facilities for pregnant women. 

 

∙ “Additional Facilities” evaluates the installation of 
access aids such as ramps and handles in swimming 
pools for wheelchair users, changing and shower aids, 
auxiliary wheelchairs, sitting volleyball supports, and 
goalball goalposts. 

 
As can be seen from Figure 1 in which additional 

contents in the same classification are colored red, “BF 
Certificate” embraces other laws, “Act on Promotion of 
Convenience” and “Act on Prohibition of Disability 
Discrimination” exclude “Additional Facilities” within 
“Act on Prohibition of Disability Discrimination.” 

Generally, Barrier-free (BF) Certificate takes a more 
conservative approach as follows; 

 

1. Present stricter standards 
It suggests a stronger standard for subsections. For 

example, the slope of the approach was taken as 
1/24, which is gentler than 1/18. 
 

2. Propose additional measures 
It provides additional standards for the installation 

of evacuation exits and measures that consider 
wheelchair users for the accessibility of stages and 
information desks. 
 

3. Presenting more specific criteria 
It presents detailed standards such as the shape of 

the bathroom sink and mirror and the shape and 
material of the dotted block. 
 

To set high standards and complete a comprehensive 
evaluation checklist, apply the criteria from the “Barrier-
free (BF) Certificate” and add the “Additional Facilities” 
classifications from “Act on Prohibition of Disability 
Discrimination.” 

 

 
Figure 2. Relevant Categories from Laws and Certification 

 
 
3.4 Advice from professional advisors 

Three experts from Barrier-free (BF) Certificate were 
appointed as consultation members and 10 advisors 
from the Korea Paralympic Committee for the Disabled 
also participated in the consultation. The general 
consensus on the checklist from the advisors is as follows: 

 

∙ The proportion of designated parking areas for the 
disabled should be at least 15–20% of the total number 
of parking spaces. 

∙ Additional canopy installation items are required in 
parking areas for the disabled. 
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∙ Install pedestrian safety passages on both sides of 
the parking area. 

∙ Include a waiting space for getting on and off in the 
intermediary facility. 

∙ Competition wheelchairs have a wider effective 
width than ordinary wheelchairs, so it is necessary to 
expand the effective width standard. 

∙ On a ramp, each waiting spaces should be installed 
at a height lower than the domestic legal standard of 
0.75 m. 

∙ Ramps need to be expanded to 1.5–2.0 m in 
effective width. 

∙ Toilets for the disabled need to be connected the 
shower room. 

∙ The purpose of use of swimming pool entrance 
ramps, diving lifts, and transfer walls varies depending 
on the type of user disability, so all should be installed so 
that users can choose by themselves. 

∙ Informative facilities require the ability to use IT 
technology. 

∙ It is necessary to add evaluation items related to 
exercise equipment for specific sports such as sitting 
volleyball pillars and goalball goalposts. 
 
4. ACCESSIBILITY EVALUATION CHECKLISTS 

The accessibility evaluation checklists are designed for 
two types of facilities: “Disability-friendly Sports 
Facilities” and “Excellent Para-sports Facilities.” These 
have hierarchical structures consisting of classifications, 
categories, and lists. Each list was evaluated in four 
stages: proper installation (three points), normal 
installation (two points), inappropriate installation (one 
point), and non-installation (zero points). 

 
Table 1: Composition of evaluation index for “Disability-friendly Sports 
Facilities” 

Classifications Categories No. of 
Subsections 

Connections 
Facilities 

Accessible roads and paths 8 
Disabled Parking Lot 5 
Entrance 4 

Interior 
Facilities 

Doorway 5 
Hallway 4 
Facilities for moving another level 1 
Staircase 4 
Ramp-way 4 
Elevator 5 

Sanitary 
Facilities 

Accessible Toilet 9 
Urinal 1 
Washbasin 3 
Room for Shower and Changing 3 

Informative 
Facilities 

Guide information 4 
 Alarm and Evacuation  1 

Other 
Facilities 

Stage and platform 4 
Seating 1 
Reception and Information 2 
Ticket Booths, Vending Machines, 
Hydration stations 

3 

Exits for evacuation 4 
Restrooms for maternity 3 
Swimming pool diving aids  7 

Additional 
Facilities 

Supplies 1 
Sports Equipment 1 
Assistance 3 

Additional 
Points 

  

 

Table 2: Composition of evaluation index for “Excellent Para-sports 
Facilities” (additional features are colored) 

Classifications Categories No. of 
Subsections 

Connections 
Facilities 

Access roads 8 
Disabled Parking Lot 5 
Waiting area for transportation 1 
Entrance 4 

Interior 
Facilities 

Doorway 5 
Hallway 4 
Facilities for moving another level 1 
Staircase 4 
Ramp-way 4 
Elevator 5 

Sanitary 
Facilities 

Accessible Toilet 9 
Urinal 1 
Washbasin 4 
Room for Shower and Changing 3 

Informative 
Facilities 

Guide information 4 
 Alarm and Evacuation  1 

Other 
Facilities 

Stage and platform 4 
Seating 1 
Reception and Information 2 
Ticket Booth, Vending Machine, 
Hydration station 

3 

Exit for evacuation 4 
Restroom for maternity 3 
Diving Aids at Swimming pool 7 

Additional 
Facilities 

Supplies 1 
Sports Equipment 1 
Assistance 3 

Additional 
Points 

  

 
Comparing the evaluation standards of “Disability-

friendly Sports Facilities” with those of “Excellent Para-sports 
Facilities” shows that they are generally iterative but 
require stricter evaluation criteria; therefore, the 
following further details have been added to the index: 
waiting areas for transportation has been added to the 
classification Intermediate Spaces and extra equipment 
has been added to the category Washbasin.  
 

Table 3: Evaluation index for “Excellent Para-sports Facilities” and 
strengthened categories (in color) and strengthened contents 
compared to those of “Disability-friendly Sports Facilities” 

Classifications Categories Contents strengthened 

Connections 
Facilities 

Access roads ∙Rate of installation 
∙Effective width 
∙degree of inclination 
∙level difference 
∙separation of 
roadway 

Disabled Parking Lot ∙Rate of installation 
∙Installation 
pedestrian-way 
∙Effective width of 
pedestrian-way 
∙ Installation canopy 

Waiting area for 
transportation 

 

Entrance ∙Effective width 

Interior 
Facilities 

Doorway ∙Effective width 
Hallway ∙Effective width  and 

intersection 

 

 

Facilities for moving 
another level 

∙No. of elevators for 
the disabled 

Staircase ∙Effective width 
∙Material 
∙Handrails 

Ramp-way ∙Height and size of 
landing 

Elevator ∙Size of elevator 

Sanitary 
Facilities 

Accessible Toilet ∙Rate of installation 
∙Space along the toilet 

Urinal  
Washbasin ∙Shower added 
Room for Shower and 
Changing 

∙Size of space 

Informative 
Facilities 

Guide information  
 Alarm and Evacuation   

Other 
Facilities 

Stage/platform and 
seating 

∙Rate of installation 

Seating for reading  
Reception and 
Information 

 

Ticket Booth, Vending 
Machine, Hydration 
station 

 

Exit for evacuation  
Restroom for 
maternity 

 

Diving Aids at 
Swimming pool 

∙Installations of types 

Additional 
Facilities 

Supplies  
Sports Equipment  
Assistance  

 
Looking at the strengthened evaluation contents in 

“Excellent Para-sports Facilities” compared to 
“Disability-friendly Sports Facilities,” the most frequently 
applied are the expansion of the effective width, space, 
height, and so forth. Furthermore, facilities such as 
canopy installation in parking spaces and shower 
installation in washbasins were added. 
 
5. CONCLUSION 

Increasing the participation rate of the disabled in 
daily sports requires improving the affinity of existing 
public daily sports facilities and new public sports 
facilities for the disabled and creating a foundation for 
the disabled to enjoy better lives.  

The purpose of this study is to include accessibility 
requirements to support facility users who have a range 
of impairments (not only visual, hearing, or physical 
impairments but also intellectual disabilities). The 
checklists in this study have been developed to focus on 
indoor facilities for sports such as swimming, badminton, 
table tennis, basketball, and volleyball, which are 
representative and popular sports in Korea. 
The accessibility evaluation checklist in the research was 
designed for “Excellent Para-sports Facilities” and 
“Disability-friendly Sports Facilities”. The former requires 
higher accessibility and standards for accommodation; it 
is intended to establish accessibility evaluation checklists 
suitable for each facility by applying national standards 
for “Disability-friendly Sports Facilities” and stronger 
standards for “Excellent Para-sports Facilities”. 

Specifically, in the case of “Disability-friendly Sports 
Facilities,” the criteria for installing convenience facilities 
under the Act on Prohibition of Disability Discrimination 
were applied to the evaluation checklist and in the case 
of “Excellent Para-sports Facilities,” the highest Barrier-
free (BF) Certificate criteria were applied, which are 
stricter than those of the “Act on Promotion of 
Convenience.” 

The evaluation index of this study was developed 
based on the criteria of Barrier-free (BF) Certificate, 
which requires relatively strict domestic standards.  By 
comparing and reviewing domestic and foreign laws, 
overseas standards were applied to standards if the 
standard in Korea does not exist; if foreign standards 
were higher than domestic ones, the standards were 
raised according to overseas standards. In addition, 
deficiencies were supplemented by reflecting the 
analysis of the current status of “Excellent Para-sports 
Facilities” conducted in 2019 and evaluation indicators 
were completed by reflecting the opinions of 
professional advisors. 

Further study should examine parking areas and 
auditorium installation rates for the disabled, indoor 
gymnasium installation standards for each event, and 
outdoor playground installation standards. 
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ABSTRACT: This paper shows the performance of houses' airtightness in six districts of Chile, within three are 
affected by technical specification requirements, but not on-site tests, and three does not have any type of 
obligation in the matter. The results show that the implementation of the normative regulation has allowed a 
better airtightness performance in timber frame social houses, but it has not been able to achieve the desired 
standard. Therefore, the importance of carrying out field tests is revealed, to analyse the real performance and 
obtain the expected benefits in energy efficiency and interior comfort of the dwelling. The study also shows that 
the Chilean airtightness regulation goals could be compromised, sins the buildings and houses do not need to be 
tested on-site after they are built; therefore, designer, contractors, and public policy maker do not know what to 
improve or if the technical specification used in projects are enough. 
KEYWORDS: hermeticity, regulation, field testing, air infiltrations, airtightness. 

 
 

1. INTRODUCTION  
Since the energy crisis of the seventies, and 

strengthened by the subsequent global warming crisis, 
many countries have carried several public policies and 
the enforcement of specific building codes, focused on 
increase energy efficiency in the building sector. This, 
while maintaining adequate comfort and health indoor 
conditions, with the main goal of reduce space 
conditioning energy requirements and associated GHG 
emissions of the building sector. Moreover, most of the 
energy efficiency building codes start in developed 
countries, stablishing minimum thermal insulation and 
airtightness requirements, which later evolve in more 
complex systems and certification. It is also important to 
notice that later, many of the standards and mandatory 
regulations involved in these codes, were adopted with 
some modifications by developing countries in different 
parts of the world. 

As a building’s airtightness, along with the thermal 
insulation, is a key factor for reducing space heating 
requirement; many codes define very low and strict air 
infiltrations rates to reduce energy requirements. Also, 
these requirements are commonly accompanied by 

minimum ventilation rates, to maintain minimum indoor 
air quality conditions and prevent the “sick building 
syndrome”. Nevertheless, despite the efforts of 
developed countries enforcing energy efficiency building 
codes regulations, space heating remains the main 
source of energy use in building operation worldwide 
and specially in developing countries.  

In this matter, the United Nations Environment 
program states that although space heating 
participation in the building and construction sector is 
declining since 2010, it still has the biggest impact on the 
sector with roughly a 35% of the final energy use [1]. 
Also, in relation to the pandemics events of COVID-19, 
United Nations declares that during the 2020 there was 
a shift of the final energy use from the commercial and 
retail sector, towards the residential sector. This could 
be of most interest regarding dwelling buildings, since 
lockdowns and the soar of telecommuting technologies, 
could traduce in a tendency on the short or even long 
term. Further, although new commercial and retail 
buildings tend to have higher standards in energy use, 
the residential sector presents greater gaps in this 
matter, especially the old infrastructure. What is more, 

 

developing countries could be the most affected by this 
tendency, since a shift in this matter could mean an 
increasing energy use related with less clean energy 
sources or an increase in energy poverty and living 
conditions. Therefore, regulations that aim to improve 
new and existing buildings energy efficiency 
performance in the housing sector, could be of most 
relevant during the next decade. 

From above, it is also important to notice that most 
of the countries that have stablished minimum 
airtightness standards, have done it through voluntary 
requirements and with no specific validation’s 
prerequisites; while only few of them, such as France, 
UK, or Ireland, consider mandatory conditions with 
specific on-site test or certification methods [2]. 
Furthermore, since not all requirements or regulations 
are mandatory or inspected through compulsory quality 
controls, it opens the question if adequate airtightness 
levels are being achieved in voluntary or not tested 
scenarios; as well as if thermal insulations applications, 
which depends on airtightness to perform correctly, is 
being as effective as it is expect. 

 
2. THE CHILEAN SCENARIO  

From 2014 till this moment, Chilean governments 
have implemented increasing building’s minimum 
constructive standard requirements for housing in high 
polluted cities of the colder south regions. These 
requirements are framed under the Atmospheric 
Decontamination Plans (PDA, by its Spanish’s acronym), 
which mainly pursuit to reduce firewood stove pollution 
problems associated to cultural conditions, but mostly to 
poorly insulated and air leaked houses. This pollution has 
meant that some Chilean cities have important health 
risk conditions associated to airborne particulate matter; 
therefore, cities such as Coyhaique in the Patagonian 
region, have been classified with the poorest air-quality 
in all Latina America. This was also specially complicated 
during the pandemic lockdowns of 2020, since while 
most cities in the world achieved to reduce their 
airborne pollution; southern Chilean cities such as 
Coyhaique, maintained it or even increase it due to more 
residential space heating demands.  

 Regarding the PDAs specific requirements, these 
stablish different needs according to local conditions and 
pollution risks. Which in the case of the housing sector, 
demand minimum standard for the new houses, and 
offer economic incentives to retrofit existing 
infrastructure. In this matter, most of Chilean southern 
cities usually require minimum building’s envelope 
thermal insulation, condensation risk precautions, 
minimum indoor air quality ventilation rates, certified 
windows and doors maximum air infiltration rates, and 
minimum overall buildings airtightness conditions. 

Although all these requirements can be easily 
incorporate in the early stages of design, through 
construction materials specification sheets or laboratory 
tested mockups; the whole houses’ airtightness is 
particularly complicated, since it requires that the final 
building must be finished and then tested to get its 
actual envelope’s tightness. In this respect, and 
depending on climatic conditions, air tightness 
requirements in these specific cities can range from 5 to 
7 air changes per hour (ACH) with a pressure difference 
of 50 pascal (n50).  

Nevertheless, the PDA regulations that stablishes the 
airtightness standards, on contrast to thermal insulation 
or windows tightness, does not require to verify by any 
sort of test or certifications, the final airtightness of the 
house envelope. On the contrary, it only requires new 
housing projects to declare in their specifications and 
design details, the use of airtight seals on the building’s 
envelope, but without any kind of previous validation or 
on-site revision. Moreover, there are no studies that 
could prove that these mandatory requirements with no 
on-site test or certification process are achieving 
airtightness requirements in practice. Even more, social 
houses receive additional funds, by the Chilean Ministry 
of Housing and Urban Planning (MINVU), to accomplish 
these stricter energy efficiency requirements; although 
there is no evidence that this investment is effective in 
achieve more energy efficient houses or even produce 
more airtight buildings. 

Currently, MINVU have plans to expand PDA’s 
requirements to the rest of the new buildings that would 
be constructed in the country, through its incorporation 
in the national building code. What makes testing its 
effectiveness on built houses of most interest and 
specially in social houses that receive specific public 
financial aid for this purpose.  
 
Figure 1:  
Typical firewood stove’ chimney [3] 

 
Note: The use of firewood stoves in the southern regions of 
Chile is due to cultural traditions and that firewood is the 
cheapest and most accessible fuel for space heating. 
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3. STUDY CASES, METHODOLOGY AND RESULTS 
According to the Chilean National Statistics Institute 

(INE), most of the residential projects in Chile 
correspond to small 1-2 story houses; although their 
share in the surface annual granted construction 
permits, has been continually fallen from 75% in 2002 to 
a 43% in 2019 [4]. Nevertheless, and despite the 
popularity of apartment buildings in the last years, this 
type of houses still being the most common in the 
residential sector, and it represents the vast majority of 
the social housing projects in the country.  

In addition, nearly 45% of all the country’s small 
houses surface permits consider timber frame 
structures, while this percentage could reach 70% in 
southern regions such as Bio-Bio. This is of particular 
interest, since due to their multiple elements and more 
sophisticate construction systems, timber frame 
structures tend to have poorest airtightness rates when 
compared to other materials such as cast concrete or 
brick masonry constructions. This also means that more 
economic timber houses, which usually relay in cheaper 
construction solutions, present an inclination to have 
even poorest airtightness performance.  

Due to the conditions previously stated, this article 
tries to give a first glimpse on how timber frame social 
housing projects, in areas with and without PDA 
airtightness requirements, perform. This, specially 
having in consideration the restrictions associated lo 
low-cost constructions and the complexities of air 
infiltration seals specifications in timber frame 
envelopes. And most important, to try to identify if 
compulsory specifications regard airtightness, but 
without field tests of the final constructions, achieved 
the expected airtightness standards or at least help to 
improve the houses overall performance. 

 
3.1. Study cases 

Six housing projects were selected for this study 
considering PDA and non-PDA locations, with the help of 
MINVU, to represent current average construction 
timber frame social houses of the country, and in 
particular the southern regions where this type of 
construction system proliferate. As it is usual in Chilean 
social houses, due to budget restrictions, the finishes are 
not totally completed, considering that the future 
occupants would have to render interior, do paint jobs, 
and install light fixtures. Nevertheless, to test the houses 
on-site and previous they were hand over to the families, 
what would have eventually affected the results, the 
cases had to be in a construction stage that would allow 
to perform the study; this was a critical factor, since only 
a few social housing projects in the PDA regions had 
constructions in these stages. 

The chosen housing projects names, which in some 
cases consider a same contractor company, are: (Case 1) 
“Sin Casa Rural” with 40 houses, in Puerto Octay, Los 
Lagos Region; (Case 2) “Megaproyecto Labranza” with 
126 Houses, in Temuco, Araucania Region; (Case 3) “El 
Renacer de Pillanlelbun” with 159 Houses, in Lautaro, 
Araucania Region; (Case 4) “Porvenir II” with 110 houses 
in Osorno, Los Lagos Region; (Cases 5) “Nueva esperanza 
de Folilco” with 57 Houses, in Los Lagos, Los Rios Region 
and (Cases 6) “Guacamayo II” with 131 Houses, in 
Valdivia, Los Lagos Region. All these projects had houses 
ready to be handed to the families, and in condition to 
be tested during the study; though in some cases the 
construction stage of the whole complex did not allow to 
test the necessary   number of houses to have an 
accurate enough sample of the overall. 

 
Figure 2:  
Social houses interior finishing. Guacamayo II” in Valdivia, Los 
Ríos Region. 

 
Note: When social houses in Chile are given to the families, 
they don’t consider finishes such as interior plasters, interior 
paint jobs or light sockets. 
 
Figure 3:  
Blower Door test of a house in Labranza complex, Temuco, La 
Araucanía Region. 

 

 

Note: The houses in this picture were about to be handover to 
the families a few days after the tests. 
 
3.1. Methodology 

A fieldwork, testing the six study cases new houses’ 
airtightness that were chosen to be representative of 
Chilean timber frame social dwelling, was carried using 
on-site equipment and the project’s design 
specifications. In parallel to these field tests, an analysis 
of the data collected was carried, contrasting the 
airtightness results of each house with PDA’s local 
specific airtightness requirements. Moreover, to 
determine if prescriptive non-tested airtightness 
regulations have any effects on new houses, the 
airtightness results were also compared to previous 
research data, carried before PDA regulations were 
implemented.  

Therefore, A team from the UC Timber Innovation 
Center (CIM UC) conducted several Blower Door tests on 
different houses of each case study. This according to the 
national standard NCh3295 (ASTM E779-10 equivalent), 
to determine a building’s airtightness through the fan 
pressurization method; and the NCh44 (ISO 2859-1 
equivalent) to determine the number of tests that would 
be representative of a whole housing project. For the 
NCh44 Chilean sample standard, a general inspection 
level II scenario was used to determine the number of 
houses to be tested at each housing complex. 

An analysis of the technical specifications and 
drawings was carried out to check air seals details and 
products, where the records were given by the 
contractors and MINVU. After each test, the result of the 
airtightness was compared to each location's PDA 
minimum ACH(n50) requirements. It is important to 
notice that, due to two contractor’s delay in some of the 
study cases, it was not possible to test all the houses 
needed according to the sampling standard (NCh44). The 
housing complex that met the minimum requirements 
were cases 1 to 4, while in cases 5 and 6 it was not 
possible to carry out the number of tests necessary to 
comply with the standard. The main issues for this, were 
delays in finishing stages and the lack of air sealants of 
the remaining houses, not meeting the minimum 
requirements to carry out the tests in a representative 
way. However, although not ideal, the results of the last 
cases had a low standard deviation, therefore they are 
included in the present analysis. 

On the other hand, a previous study carried by the 
Bio-Bio University, regarding existing Chilean housing 
airtightness levels before the PDAs were implemented; 
was used to contrast how new PDA’s standard timber 
frame social houses perform, and if any improvement 
was achieved by the non-tested requirements. For all 
purpose, the Bio-Bio’s study declared that houses 

airtightness national average, for all construction 
systems, is of 12.9 ACH(n50) and the specific timber 
frame national average is of 24.6 ACH(n50) [5]. 
 
3.2. Results  

Figure 4 shows the results obtained by blower door 
field tests, for (Case 1) “Sin Casa Rural”, (Case 3) “El 
Renacer de Pillanlelbún” and (Case 5) “Nueva Esperanza 
de Folilco” with non-PDA airtightness regulations; plus 
(Case 4) “Porvenir II” and (Case 6) “Guacamayo II” with 
PDA 5 ACH (n50) minimum airtightness requirements, 
and (Case 2) “Megaproyecto Labranza” with PDA 7 ACH 
(n50) requirement. The national average and specific 
timber frame houses airtightness are also plotted. 
 
Table 1:  
Sample number and contractor for each case study 
Cases Sample Houses Contractor PDA 
Case 1 8 40 Ingesur No 
Case 2 20 126 Luis Saez Yes 
Case 3 20 159 Dadelco No 
Case 4 20 110 Peña y Peña Yes 
Case 5 6 57 W&M No 
Case 6 3 131 Peña y Peña Yes 

 
The results analysis shows that, although PDA houses 

apparently improve airtightness performance against 
non-PDA house and national averages, minimum PDA 
requirements of 5 ACH(n50) are not meet by any of the 
tested houses. Although, some houses reach results 
beneath the 7 ACH(n50) requirements for the Temuco 
city, these houses were in locations with stricter 
requirement, and the Temuco houses (Case 2) got barely 
under 10 ACH(n50). This means that reaching standards 
below 7 ACH(n50) with current construction technics 
and products is achievable, although require special 
efforts from the contractors. 

Additionally, it is observed that the PDA houses reach 
an average of 9.01 ACH(n50), in contrast to non-PDA 
houses with an average of 20.90 ACH(n50). This meaning 
that on average, PDA houses have less than the half of 
the air infiltrations than the non-PDA houses. Moreover, 
as Figure 5 shows, PDA houses have a smaller dispersion 
of results with maximum and minimum of 15.02 
ACH(n50) and 5.15 ACH(n50) respectively; while non-
PDA houses present a greater data dispersion, with 
maximum and minimum values of 39.30 ACH(n50) and 
11.60 ACH(n50).  

The previous dispersion results also means that for 
the moment it is not possible to state that all PDA houses 
have a better performance than non-PDA houses. This 
since it is possible to identify non-PDA tests with higher 
airtightness levels than PDA cases; for instance (Case 2) 
“Mega Proyecto Labranza” present air infiltration rates 
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similar or even lower than (Case 4) “Porvenir II” with PDA 
requirements.  

Although timber frame structures were expected to 
present higher infiltrations rates, due to the complexity 
of the different elements encounters and the 

sophistication of the sealants applications; during the 
field tests and previous inspection, it was possible to 
identify that most of the gaps were sealed using cheap 
materials such as caulking guns with common silicone or 
equivalents. Also, low quality installation fixtures ( e.g., 

Figure 4:  
Airtightness ACH (n50) for tested houses in all study cases.  

 
Note: Each case study’s sample was determined according to the number of houses in the complex. PDAT is the maximum airtightness 
for new houses in Temuco city (Case 2), while PDAO and PDAV is the maximum for new houses in Osorno and Valdivia Cities. 
 
electric boxes), cheap weather membranes and limited 
flashing tape were used, mostly because of financial 
restrictions associated to low social housing budgets. 
Therefore, the durability over time of the materials, and 
after seismic events, could prove insufficient to maintain 
the initial airtightness in the years to come. 

Finally, factors that could explain previous results, 
include: (1) errors and omissions in design (2) lack of 
workers with skillsets; (3) absence of suitable 
inspections; (4) poor quality materials; (5) deficiency in 
process standardization; (6) material stock problems, (7) 
among others. 
 
Figure 4:  
Airtightness ACH(n50) results’ dispersion.  

 
Note: non-PDA correspond to cases 1, 3 and 5, while PDA 
correspond to cases 2, 4 and 6. 
4. CONCLUSION 

The study shows that enforcing regulations with 
prescriptive airtightness minimum requirements, 
without test validations, does not assure that houses 
would reach desire standards. Nevertheless, it also 
shows that it promotes better designs and building 
constructions process, that could lead to improvements 
in better airtightness performance when compared to 
projects that have no requirements of any kind. Yet, the 

 

lack of airtightness field tests, could give the false 
impression of achieving the expected results, not 
allowing designers and contractors to improve their 
work.  Even more, this generates a lack of knowledge for 
policy makers, what could impact regulatory goals on the 
long term.  

More important, future inhabitants would not 
experience the supposed energy efficiency and comfort 
benefits advertised by these types of houses. Meaning 
that in the case of locations with firewood stove 
pollution, this could still be an increasing problem for 
public health and the urban air quality; meantime, all the 
public financial aids given to improve housing envelops, 
to reduce space heating requirements, could be 
inefficient or even lost.  

Additionally, it is important to notice that due to the 
low quality of the airtightness barriers, and the use of 
temporary sealants such as silicones, new houses 
airtightness could be diminished relatively quickly. 
Therefore, a second study with new Blower Door tests is 
planned on the same house complexes, to analyze their 
performance once they have been in used for 3 years. 
This in line with other studies, such as the carried out by 
the NHBC Foundation, which shows that in general 30% 
of the hermeticity is lost after some time [6]. 

At last, it is also relevant to have in mind that future 
sustainable construction policies, that promote 
materials with low embodied carbon such as timber, 
could help that timber frame construction proliferate in 
higher building structures (e.g., six story dwelling 
buildings or higher). This need to be study in more detail, 
since airtightness sealants and construction systems 
could vary drastically in comparison to small residential 
houses. This is also interesting if we consider that 
dwellings could also increase their space heating 
requirements due to future pandemic lockdowns or new 
telecommuting tendencies. 
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ABSTRACT: This research addresses the opportunity of competitions as an educational strategy for the inclusion 
of sustainability aspects in the teaching of architecture. It analyzes various experiences developed in the School 
of Architecture of the University of Seville and their results in terms of acquiring skills in sustainability 
(environmental, social and economic).  It analyzes both, specific competences related to the courses developed, 
as well as generic competences, all relevant for awareness and complete training. A comparison is made 
between the different types of competitions, assessing their advantages and disadvantages, weaknesses, 
strengths, threats and opportunities. It is concluded that competitions are a relevant educational strategy, with 
great educational potential in terms of results and student participation. However, they are difficult to manage 
logistically to reinforce the subjects educationally and can constitute an end in themselves for the students when 
they acquire excessive relevance, compared to the educational environment that teachers intend to use. 
KEYWORDS: Competition, Education, Architecture, Sustainability, Design  
 
 

1. INTRODUCTION  
Architectural competitions are usually used to 

foment the implication of students in architectural 
design courses. The possibility of been awarded is a 
strong commitment to students apart from just 
passing their courses. The potentiality of these 
competitions is however not maximized in 
educative terms. Students usually participate in 
groups and they need to collaborate to develop the 
design on time. This fact gives us the possibility as 
teachers to perform different strategies in order to 
improve their cooperative and collaborative skills. 

There is another interesting possibility teachers 
can address by student’s competitions and it is the 
similarity to professional labour situations. Teaching 
is usually divided and developed in pieces, all 
different subjects and corresponding courses are 
taught separately. They are supposed to be always 
related but these relations sometimes are difficult 
to be perceived by students and they frequently are 
not capable to integrate them into a real and 
complete design process. 

In addition, this type of educational approach 
allows to incorporate aspects related to 
environmental, social and economic sustainability in 
a transversal way. These are specific targets of the 
selected competitions themselves wich are used as 
an educational medium. This paper explains a 
research carried out in the School of Architecture of 

Seville about the potentialities this kind of 
competitions can offer.  
 
2. COMPETITIONS AND COMPETENCES 

The research approaches and studies the 
different possible competitions from the point of 
view of the competences students acquire during 
the participation process. It is analyzed in terms of 
specific competences linked to sustainability 
aspects and in terms of transversal general 
competences of educationally great relevance and 
sometimes, treated as secondary by knowledge 
areas. The state of the art has been developed 
related to competitions that approach firmly the 
sustainability development concept in architecture 
and/or urban design. The selection of the 
experimental competition cases of study responds 
to the different amplitude of the process of design 
and construction that proposes the competition in 
order to analyse advantages in several stages of the 
process relating them to different educational 
competences [1] to acquire.  

Three types of competition have been selected 
for the experiment: the Solar Decathlon 
competition, the EDUCATE competition and the 
small format competitions such as SIKA, COSENTINO 
Desing Challenger, PLADUR Construction solutions 
competition, and ANfhARQ competition. 
Conclusions are presented here, and different 

 

 

 

proposals for several years have been analysed [2–
5]. 

 
3. EDUCATIONAL ASPECTS AND 
CONTENTS TARGETED 

The issues in which the innovative educational 
methodology has centred are: urban regeneration 
process, bioclimatic adaptation, life cycle 
assessment, spatiality, construction definition, 
affordability, accessibility and resilience. The 
transversal competences analyzed are: teamwork 
capacity, autonomy (both: student’s or group of 
students’), critical capacity for decision-making, 
ability to integrate knowledge from different areas, 
introspection of the labor market and knowledge of 
material culture. The educational strategies and 
methodologies used in the experiments are active 
methodologies such as project-based learning, 
collaborative learning, and/or service learning. It is 
considered that these methodologies can foster 
more collaborative dynamics and therefore a closer 
approach based on social sustainability that should 
be transmitted and promoted linked to 
architecture, in order to improve urban governance 
through participatory strategies. 

 
4.  METHODOLOGY 

The objective of this research has been to 
determine the opportunity that architectural 
competitions represent as an educational tool in 
relation to the introduction of sustainability issues. 
To this end, several case studies selected and 
developed at the School of Architecture of the 
University of Seville have been analyzed. A SWOT 
study has been conducted for each case study in 
relation to the objectives approached: 

▪ The contents apprehended by the students. 
Defining methodological bioclimatic design 
processes that students can embrace 

▪ The transversal competences acquired. 
Implementing collaborative and cooperative 
processes between students. Encouraging 
greater capacity to take responsibility for 
decisions 

▪ The strategies, methodologies and 
educational tools developed by teachers.The 
design results obtained in student learning. 

 
5. SD CASE STUDY 

Since the competition is a student’s experience, 
the whole Solar Decathlon University of Seville 
Team has approached the process from a previous 
students design proposal. However, the also 
previous selected issues and contents were 
targeted as core priority for objectives definition. 

The SD Europe 2019 call established in its bases 
that the competing teams had to design and build 

prototypes that incorporated sustainable 
construction criteria for the intervention on existing 
residential buildings. The Solar Decathlon University 
of Seville Team presents the Aura 3.1 prototype, 
which develops a strategy for the urban 
regeneration of obsolete residential neighborhoods 
[6]. 

SD Europe 2019 offers the opportunity for a 
team of students, supported by professors and 
researchers, to have an innovative teaching 
experience that reproduces the complex and 
complete process of the professional practice of 
architecture. This experience explicitly incorporates 
concepts of environmental sustainability and social 
and economic responsibility. Students acquire 
competencies through the full development of a 
project for approximately two years, culminating in 
the construction with their own hands of the Aura 
3.1 prototype in Szentendre (Hungary). The 
prototype was assembled in just two weeks, and 
during the following two weeks the exhibition and 
competition period took place. 

The proposal that has been developed as an 
experiment for the SD 2019 Europe by the Solar 
Decathlon University of Seville Team approaches 
the urban perspective as a regeneration process. 
This means that no isolated construction prototype 
makes sense, there is always a previous urban 
situation needed to define the social needs to be 
solved. Participative processes are equally 
necessary in order to deeply understand the place 
in a social, economic and environmental 
perspective. Several exercises developed with the 
students try to underline and practice some 
possible participative processes although timetables 
do not permit to develop a study case during the 
competition. 

Bioclimatic analysis of a place is one of the key 
issues taught to students during the competition 
process. Passive and active system are studied and 
explored as potential solutions. Several bioclimatic 
tools are explained in a specific methodological 
analysis due to improve students’ capacities to take 
decisions. A bioclimatic analisys methodology has 
been defined and developed in order to do so.  
Several reflections and exercises have been 
developed during the design process in order to 
include some life cycle assessment tools as an 
approach due to the main sustainability goal the 
students have to confront. It should not be difficult 
to reflect and understand that point for students 
but since the architectural design is a very complex 
process, taking into account every single 
requirement and responding to it, is sometimes 
unaffordable for them. Thus one of the conclusions 
of the experiment lies in the necessity for further 
reflection and study of possible solutions in terms 
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of life cycle assessment after the end of the 
competition. 

Different tools and instruments are used during 
the whole competition process at different levels to 
test the architectural spatiality of the prototype: 
material and virtual models, 2d and 3d designs, etc. 
but the most important teaching tool of all these 
instruments is the construction of the prototype 
itself. Nothing can be compared to the real 
experience of a prototype scaled one to one. 
Students can experiment their spatial solutions and 
compare them to another universities’ proposals. 

The Solar Decathlon competition has 
demonstrated to be a very useful tool for teaching 
construction since all construction decisions need to 
be taken for the accomplishment of the 
competition. 

Studying the prototype affordability in economic 
terms is also a good experience for students. 
Usually they do not take into account economic 
restrictions into the design process since it usually is 
only an academic exercise but it is very important to 
realize for them how economic situation can 
sometimes compromise design and spatial 
proposals. 

Architects as professionals must comply with 
the regulations in terms of accessibility in buildings 
and urban space but these issues are not definitely 
included in the teaching design process due the 
complexity of it. Sometimes this requirement comes 
after the spatial design and the main decisions of 
the project have to be changed. In addition, 
construction decisions are often a difficult input to 
guarantee the prototype accessibility for 
everybody, thus this competition provides a perfect 
situation in which every requirement has to be 
solved in order to present and conclude the 
architectural project. 

Structural, constructive and social urban 
resilience are defined as goals for the student’s 
proposal. This way the environmental, economic 
and social context is always present during the 
whole design and construction experiment. 
 
6. EDUCATE CASE STUDY 

During the experimental phase of the European 
Educate project [7] workshops were held in which 
many School of Architecture of Seville’s teachers 
participated and during which the teaching projects 
of different subjects were worked on to incorporate 
specific environmental competences and to ensure 
that students acquired the necessary skills to work 
from an approach based on sustainable 
development. Similarly, and from the same 
European research project, an experience linked to 
a European architecture competition for students 
was carried out. 

The Educate Prize [8] proposed an intervention 
and architectural proposal of more sustainable 
habitat, designed in the location previously chosen 
and defined by the students as a challenge. These 
had to be tutored by those teachers who had 
included environmental competences in their 
teaching project, and would use the Educate portal 
as a potential teaching tool.  [9]. This portal 
included information and specific content on the 
subject, from conceptual explanations, calculation 
bases, design examples and even professionally 
developed and constructed practical examples. It 
also included tools for communication information 
and debate between students and teachers from all 
participating architecture schools and researchers 
[10] (more than 30) specialists in the field and 
participants in the research project. 

This experience was conclusive in several 
aspects: it showed that the interest in incorporating 
environmental and sustainability issues in the 
teaching of architecture by educators was a reality 
and a peremptory need [11]; It also demonstrated 
that the rigorous doctrinal corpus on the subject 
was fully defined, completed and accessible to 
educators and learners; And finally, it showed that 
there was a great need to develop new or 
reinterpreted teaching strategies and 
methodologies appropriate to the new approaches 
and transversal concepts that should be 
incorporated into teaching. 
 
 
7. SMALL FORMAT COMPETITIONS CASE 
STUDY 
It is quite common for construction companies that 
manufacture products to carry out several ideas 
competitions for the constructive application of 
their products for university students. The game of 
the SIKA record, COSENTINO Desing Challenger, 
Pladur Constructive Solutions Contest, and 
ANfhARQ Contest, are some of the competitions 
and companies that have more than ten editions 
and that are proposed in the School of Architecture 
of Seville in the Department of Architectural 
Constructions I. The purpose of these calls is clear. 
Companies make themselves known among their 
future customers and carry out a work of 
approaching their brands while promoting the use 
of their products in practical cases. The 
incorporation of these competitions to the practices 
of different subjects of the degree of Architecture 
or even of the different master's degrees is an 
interesting possibility to generate learning that goes 
beyond the mere resolution of a practical exercise.  

The association of this type of exercises to the 
teaching program is always carried out with a 
purpose that exceeds the objectives that the 

 

 

 

subjects generate. It involves a small additional 
effort for students and teachers in order to adapt 
their work to the rules of the competition, but they 
are rewarded with the experience received and the 
possibility of the prizes offered, usually in cash, to 
the winning students. Companies have learned to 
make the deadlines of these competitions 
increasingly more flexible in order to fit the 
dynamics of the teaching times and thus facilitate 
that they can be carried out within the contents of 
the teaching itself and not as a parallel exercise. 
This greatly facilitates the dedication to the 
proposals, the final quality of them and also greatly 
increases participation in the calls. 

The teaching task of programming, therefore, 
must be to put in parallel the objectives of the 
contests with the learning objectives of his own 
subject. This is a relatively easy task since, in 
general, they are quite flexible ideas competitions 
in terms of the content of the presentation. They 
are usually contests of ideas with a level of 
development that allows them to be incorporated 
as teaching exercises and in very few cases require 
an extraordinary dedication that does not go 
beyond adapting the contents to the delivery 
formats. 

These competitions establish in general terms, 
an evaluation criteria in which they include  
sustainability and habitability issues that go beyond 
the mere application of their own products and that 
exceed in many cases the teaching objectives 

themselves. Thanks to this, students face the 
realization of an architecture project from all 
perspectives, in a holistic way, which addresses 
issues that go beyond the subject of the course 
itself. They are also encouraged to incorporate 
knowledge acquired in other subjects and courses 
in a synthetic and transversal way. The fact that the 
assessment and ideas presented is made by an 
external qualified technical jury serves as a 
professional experience and incentive wich always 
exceeds the usual evaluation of a single teacher. 

This experience complements the teaching 
practices and generates different procedural and 
attitudinal learning proceses for students. The need 
and the challenge of adapting to a specification 
made by an external agent, the participation in 
competition with the ideas of other students and 
the necessary acceptance, of the vast majority, of 
the failure experienced by not being chosen as 
winners, suppose learning contents and skills linked 
to the profession of architecture that can hardly be 
incorporated into a merely teaching exercise.  

Finally, there is, in addition to the financial 
reward, merely symbolic, an added curricular merit 
for the winning proposals. Beyond learning in the 
development and realization of proposals, this 
incorporation of final rewards for the student, 
which exceed the mere qualification by the teacher, 
are adequate motivations that generate, in general, 
good quality results. 

 
 
Table 1: Overall results of swot analysis performed for case studies 

Source: the authors 

SWOT 
ANALYSIS Sustainability content Transversal competences In relation to 

teachers In relation to students 

Weaknesses 

They can be displaced 
by the specific 

objectives of the tender 
specifications. 

The incorporation of the 
contest to the dynamics 

of a subject with a 
specific subject. 

The need to adapt the 
deadlines, contents 
and format to those 

of the subject. 

The specificity of the 
products and themes 

eliminates the possibility 
of more generic learning 

Threats 

If they are not 
specifically assessed in 
the contest rules, they 

may not be treated 
rigorously. 

The final proposal may be 
too influenced by the 
teaching of a specific 

subject. 

The specificity of the 
objectives of the 

contest. 

The focus on the final 
result can generate lack 

of attention in 
theoretical contents not 

applicable to the contest. 

Strengths 

They can be added 
values, as it is a contest 

of ideas in which 
contemporary realities 

and problems are 
valued as such. 

In general, they are 
usually exercises where 
knowledge acquired in 
the rest of the subjects 

and courses is applied in a 
transversal way. 

The existence of the 
evaluation by an 
external jury that 
complements the 
evaluation itself. 

Additional motivations, 
experience similar to 

professional practice and 
carrying out a transversal 

exercise with clear 
objectives. 

Opportunities 

Being architectural 
proposals of innovative 
ideas, the incorporation 

of sustainability 
indicators are being 

increasingly valued by 
technical juries. 

It is a real and motivating 
opportunity to carry out 

exercises of synthesis and 
synergy of procedural 

contents that go beyond 
the teaching program of a 

single subject. 

For the teacher it is 
an opportunity to 
make flexible and 

update the proposals 
and complexity of the 

teaching tasks. 

Contact with practice 
outside the teaching field 
and the business fabric. 
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8. DISCUSSION 

After the SWOT study [12] for each case study, 
we obtain the following results:  (Table 1). The 
results presented here are the hierarchical objective 
summary of the SWOT analysis of each type of 
contest and its comparison. These allow us to 
extract the possibilities of the set of competitions in 
the educational field of the incorporation of aspects 
of sustainability in the teaching of architecture and 
urbanism : 

From this analysis, we observe that the 
suitability of competitions as an educational 
strategy for the inclusion of aspects of sustainability 
and regenerative development in the teaching of 
architecture is evident, since relevant specific and 
generic competences are addressed in their 
development. These competences have a grate 
impact on the awareness and complete training of 
students,  through their involvement in the whole 
process.  

The validity of the process compared to the pure 
finalist character of the competitive proposals, the 
richness of the innumerable limit situations raised 
along the way, and even the bidirectional learning 
between teachers and students, makes this type of 
teaching experiences unbeatable teaching 
instruments. It is likewise stimulating for students 
to get in contact with the most current conceptions 
developed in other universities and with the 
possibility of exchanging concerns, ideas, concepts 
and materializations. Moreover, it is considered 
extremely suitable for the future professional 
projection of the students. 

On the other hand, it is evident -in these cases 
of work by projects in higher education through the 
concurrence to innovative competitions-, that 
learning depends to a much greater extent on the 
consideration and value of the process, compared 
to the final result, which consolidates the idea of 
making the process an end in itself. These initiatives 
should serve as a starting point to gradually 
promote a change in the approach to university 
teaching methodology, which must not only adapt 
to the reality of the profession, but must align, like 
other administrations, to the requirements 
launched by international organizations, such as the 
2030 Agenda [13] and the 17 Sustainable 
Development Goals [14,15]. 

Finally, it is noted that the current advances and 
the most innovative proposals in the field of 
research in educational sciences focus on 
transdisciplinary fields, on "integrated curriculum" 
teaching methodologies, and on the incorporation 
of the concept of sustainability in a transversal way: 
in short, in the learning processes through problem 
solving. However, the question of interdisciplinarity 

needs new tools and lines of research to achieve a 
successful implementation in higher education. 
 
9. CONCLUSSION 

This paper demonstrates how competitions can 
be an useful teaching tool for a more sustainable 
approach to architecture in terms of contents, 
capacities and design methodologies.  

However, it also detects the threats posed by 
addressing this type of educational strategies 
without prior exhaustive planning and strategic 
methodological preparation by teachers. It is 
necessary to deepen the study of the opportunities 
that these contests represent and the limitations 
they have as educational tools.  

It is concluded that they should be used 
prudently and balanced within the academic 
curriculum to maximize their educational potential 
without turning them into an end in itself. 

In relation to the different educational stages 
and origin of the students for each type of contest, 
it is necessary to indicate that there is a notable 
difference in this aspect and this is of great 
importance for the learning outcomes. The 
dynamics of groups and interconnection between 
areas of knowledge that is generated according to 
the type of experience, and collaborative learning 
versus individual one, offer completely different 
levels of achievement. 

▪ SD case study: Interdisciplinary groups of 
different degrees and Schools, Universities, 
Professional Companies. High degree of 
interdisciplinarity and collaborative learning. 

▪ EDUCATE case study: Groups of Schools of 
Architecture. Intermediate degree in 
Interdisciplinarity and collaborative learning. 

▪ SMALL FORMAT COMPETITIONS case study: 
Experiences in a class and mostly individual 
deliveries. Low degree in Interdisciplinarity 
and collaborative learning. 

In the SD contest, the most complex work teams 
are generated, formed by university students from 
different undergraduate and postgraduate courses, 
areas of knowledge, departments and even 
Universities. For example, in SD19 these teams 
were generated incorporating students and 
professors of different grades from various Faculties 
and Schools. The development of the SD 2019 
competition was carried out by the University of 
Seville, with the joint participation of different 
faculties: the Higher Technical School of 
Architecture, the Higher Polytechnic School, the 
Higher Technical Schools of Building Engineering 
and Informatics, the Faculty of Medicine, 
Monterrey Institute of Technology and Higher 

 

 

 

Education and finally, the Development 
Cooperation Office of the University of Seville. 

Thus, students, professors, professionals and 
companies collaborate in the project, linking 
teaching, research and entrepreneurship. This 
multidisciplinary and holistic group stimulates 
learning synergies while requiring a much more 
complex planning of the subgroups of work and 
sessions since the objective is the presentation of a 
single project or common result that has a great 
character of collaborative balance and consensus. 
For all these reasons, it is a more complete learning 
opportunity. 
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Photocatalytic wall shingles from recycled high-density 
polyethylene 

An environmental solution to remove atmospheric gaseous pollutants 
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ABSTRACT: The research develop a photocatalytic wall shingle prototype, the design problem of the prototyping 
process lies on thermochemical and mechanical properties, the chemical stabilization of the TiO2 nanoparticles 
additive and the constructive variables of the shingle. The results noticed a satisfactory behavior to mechanical 
tensile stresses. Expectedly, the polymer reflected some degradation, and it still represents a challenge to be 
further investigated so that the polymer can remain useful without compromising the photocatalytic activity of 
the nanocomposite. However and remarkably, NOX removal aims were achieve through plasma-based 
impregnation with 4.01% and 8.36% removal efficiencies obtained for two degradation tests, which represents 
removal class 1 and 3, respectively, according to the UNE EN 127197_1:2013 method. The novel photocatalytic 
films presented in this study give new insights into designing building materials on the utilization of plastic waste 
for urban air pollution control using photocatalytic materials from a sustainable perspective. 
KEYWORDS: Shingle wall, removal pollutants, design materials, recycled plastic, photocatalytic  
 
 

1. INTRODUCTION  
This research aimed to develop a photocatalytic 

wall shingle prototype using recycled High-Density 
Polyethylene (HDPE) through mechanical recycling 
[1]. Recycled HDPE was mixed with titanium dioxide 
(TiO2) nanoparticles by mechanical extrusion to 
produce nanocomposites showing photocatalytic 
activity. The final product was a film able to 
decompose air pollutants (e.g., NOX) under 
ultraviolet radiation.  

 
Figure 1:  
Recycled photocatalytic HDPE prototype for facades 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

This novel prototype was developed from an 
interdisciplinary approach involving architecture, 
industrial design, and chemical engineering. The 
objective was to integrate new strategies for 
manufacturing architectural components towards 
sustainable production.  

On previous work, it was found that the thermal 
behavior of the films remained almost constant 
after the incorporation of the nanoparticles into the 
polymer matrix [2]. Similar results have been 
reported when ZnO or TiO2 nanoparticles were 
incorporated into polyethylene - PE [3].  

Consequently, these similar thermal properties 
of the composite matrix would suggest analogous 
processing conditions as that of virgin PE. [2,3] 

 
2. ENVIRONMENTAL ISSUES 

The application of these prototypes can be 
addressed from multiple environmental concerns, 
particularly urban air pollution and plastic waste. 
On the one hand, the OECD has given critical advice 
about urban air pollution to a global extent, stating 
that air pollution may be the leading cause of 
diseases and deaths by 2050 if we do not tackle its 
control urgently [4]. On the other hand, 242 metric 
tons of plastic waste were generated worldwide in 
2016, representing 12% of municipal solid waste 
[5]. Unfortunately, only 25% of these residues were 

 

recycled according to the European Union [6]. Since 
further investigation for the valorization of plastic 
waste is required, the proposed prototype emerges 
as an outstanding alternative to create valuable 
products from recycled plastic.  
 
2.1 Design problems 

The design complexity of the wall shingle lies in 
the mechanical recycling process and three 
important related criteria design; the 
thermochemical and mechanical properties, the 
chemical stabilization of the additive and the 
constructive variables of the shingle.  

In a first step, the polymers' thermochemical 
and mechanical characterization is critical to 
achieve a stable and homogeneous coating as a 
semi-finished product.  

A second critical design factor, concern the 
chemical stabilization of additives, the way the TiO2 
nanoparticles are supported on the plastic surface 
of the shingle is also relevant as a uniform 
distribution of the nanoparticles is mandatory to 
maximize photocatalytic activity.  

Currently, several processes about incorporating 
additives to a polymeric matrix are available. Direct 
melt blending is among these processes, which is 
widely employed due to its techno-economic 
feasibility as well as the possibility to apply it at 
both laboratory and industrial scale.  

Nevertheless, the way the nanoparticles are 
fixed over the matrix surface is the main issue 
regarding the melt blending process. This is crucial 
since it may affect the photocatalytic activity of the 
nanocomposite.    

Plasma-based impregnation could be a suitable 
alternative to fix the additives over the polymer 
surface that was previously manufactured via melt 
blending and pressing.    

 
Figure 2:  
Design keys factors  

 
 

 

3. SUBMISSION INSTRUCTION 
In regard to the first design factor, recycled 

HDPE films (without additive and with the TiO2-
based additive) were characterized via infrared 
spectroscopy (FTIR) and mechanical tests. In 
addition, an accelerating aging test was conducted 
to evaluate the performance of the material before 
and after exposure to the UV radiation. 

For the aging test, the samples were exposed to 
720 hours of UV radiation according to the standard 
ASTM G154 for promoting an adequate exposure of 
the sample to outdoor conditions.  

 
Figure 3: 
Film without and with TiO2 additive, before and after 
agint test.     

  
 

About the mechanical tests, the method ASTM D 
638 was applied, which implies the type I samples 
must undergo tensile stress tests using a Instron 
machine (Emic 23-100 model) by applying a speed 
of 50 mm/min. 

This test allows determining the maximum 
rupture stress (σm) of the material, the percentage 
of deformation (εB) and Young's Modulus (E). 

Regarding the second design factor, two 
manufacturing processes and their capability to 
produce a photocatalytic effect were employed to 
assess the chemical stabilization of the additive. The 
first one was the melt blending process of the 
recycled HDPE with TiO2 via extrusion and pressing. 
The other one was the plasma methodology as 
previously mentioned.   

To check the chemical stability of the additive 
and its photocatalytic potential, the films were 
characterized by Scanning Electron Microscopy 
(SEM). Additionally, photocatalytic activity was 
evaluated in terms of the NOX removal based on 
the ISO 22197-1 method [7].  

Finally, the third design criteria was conducted 
through an iterative design and prototyping process 
combining thermofusion pressing and 3D printing to 
observe the geometric and physical performance of 
the shingles as a constructive part. 
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Figure 4:  
Recycled HDPE films obtained by injection  

 
Results were analyzed considering an 

experimental design including the following factor 
levels: a) films without photocatalytic nanoparticles 
(FTIR, tensile and aging test, and Finite Element 
Analysis), b) films with photocatalytic nanoparticles 
(SEM, FTIR, tensile and aging test, and NOX removal 
method), and c) films with photocatalytic 
nanoparticles impregnate trough plasma method 
(NOX removal method) 
 
4. RESULTS AND DISCUSSION 

Regarding the thermochemical and mechanical 
characterization of the films, the samples of 
recycled HDPE with TiO2 were exposed to 720 h of 
UV radiation, showing a whitish coloration on their 
surface compared to the samples without exposure. 
Figure 5 shows the difference in coloration between 
the recycled HDPE sample with TiO2 before and 
after the aging test.  

Solar radiation (especially the UV portion) is 
crucial in terms of plastic degradation.  
 
Figure 5:  
Recycled HDPE with TiO2 before and after aging test.  

 
 
The carbonyl index is appropriate to evaluate 

the polymer degradation, which is a measure of the 
share of C=O and C-H bonds that can be identified 
from the FTIR spectra. Figure 6 shows a comparison 
of the carbonyl index of the recycled HDPE and 
recycled HDPE/TiO2 samples after the accelerated 
aging test. It can be noticed that after 4 cycles of 
exposure to the UV radiation, the carbonyl index of 

the recycled HDPE did not increased significantly. In 
contrast, the carbonyl index was increased 
significantly after a 300-hour exposure for the 
HDPE/TiO2 sample, demonstrating the polymer 
degradation. It could be attributed to the TiO2 
addition since its photocatalytic activity is improved 
under UVA exposure, decomposing the polymeric 
chains and affecting its mechanical properties. 

 
Figure 6:  
Carbonyl index for the recycled HDPE and recycled 
HDPE/TiO2  

 
 
 
 
 
 
 
 
 
 
 
 
 

Finally, the recycled HDPE showed 
increments of 3.84% and 15.83% in the maximum 
stress and strain at rupture, respectively, for the 
mechanical properties. On the other hand, the 
modulus of elasticity decreased 7.30% after the UV 
exposure in the aging test. When comparing with 
the results of the recycled HDPE/TiO2 sample, it 
was found a-7.4% decrease in both the maximum 
stress and strain at rupture, whereas the modulus 
of elasticity increased by 5.87% after the UV 
exposure in the aging test.  

 
Table 1:  
Mechanical properties through tensile test  

Sample  σm(MPa) ε (%) E(MPa) 
Recycled  
HDPE 19.2 

+3,8% 

8.7 

+15,8% 

967 

+7,3% UV 
Recycled 
HDPE 

20.0 10.1 896 

Recycled 
HDPE/TiO2 

18.1 

-7,4% 

3.6 

-7,4% 

967 

+5,8% UV 
Recycled 
HDPE/TiO2 

16.7 3.3 1023 

 
A plastic material is considered to be aged and 

unsuitable for use, when it retains < 50% of the 
evaluated mechanical properties after exposure to 
solar radiation or to the accelerated aging. 
Therefore, based on the results from the 
mechanical tests, the mechanical behavior of the 
samples lies in acceptable ranges with < 10% 
variations of the maximum rupture stress (σm), the 
percentage of deformation (εB), and Young's 
Modulus (E) in both samples.   

 

In summary, it was noticed a satisfactory 
behavior to mechanical tensile stresses after 
thermochemical and mechanical characterization. 
Expectedly, the polymer reflected some 
degradation, and it still represents a challenge to be 
further investigated so that the polymer can remain 
useful without compromising the photocatalytic 
activity of the nanocomposite. 

Regarding the chemical stability of the additive 
to achieve a photocatalytic activity, from the SEM 
images, it was observed nanoparticles were 
deposited on the film surface; however, the 
distribution of the nanoparticles could be further 
improved since also some nanoparticle 
agglomeration was identified.  

 
Figure 7:  
SEM with nanoparticle agglomeration  

 
 

This observation is consistent with the low NOX 
removal yields (< 4%) were obtained from 
preliminary degradation tests, probably due to the 
nanoparticle agglomeration mentioned previously.  

Remarkably, NOX removal results were within 
reasonable levels for the samples impregnated with 
plasma. 4.01 and 8.36% removal efficiencies were 
obtained for two degradation tests, which 
represents removal class 1 and 3, respectively, 
according to the UNE EN 127197_1:2013 method. 
These results are detailed in Table 2. 
 
Table 2: 
Samples tested for NOX removal ISO 22197-1 method   

ISO 
22197-1 

HDPE_TiO2 
Extrusion 
Sample 1 

HDPE_TiO2 
Plasma 

Sample 1 

HDPE_TiO2 
Plasma 

Sample 2 
NO (%) 
removal 1.38 10.48 22.18 

NOx (%) 
removal 0.54 4.01 8.36 

 
Even though these NOX removal results are 

promising, we strongly suggest the experimental 
runs should be repeated to achieve statistical 
significance.  

The most remarkable finding from this study lies 
in the fact that the melt blending process might not 
be providing the desired results in terms of 

photocatalytic activity. It could be attributed to the 
nanoparticle agglomeration showing no uniform 
distribution of the nanoparticles on the polymer 
surface.  

In contrast, the plasma methodology for 
nanoparticle impregnation seems to be a promising 
alternative for a better distribution of the 
nanoparticles in the matrix surface, thus improving 
the photocatalytic activity.  

About the coating constructive variables, the 
results of the iterative process of manufacturing 
samples in 3D printing allowed identifying the 
required modifications for the manufacturing and 
final assembly of the coating.   

An iteration series was developed by groups, 
where iterations 2 to 5 were very relevant. The 
coating herein was transformed into a 2mm-thick 
film showing interior ribs, which is in concordance 
with an injection manufacturing process. A 2mm 
45° mechanical lock was designed on the bottom 
and top edge for vertical hooking, and a 1mm 90° 
lock on the right edge for horizontal hooking. This 
allows the fastening to the substrate, which 
facilitates a proper screw adjustment as well as to 
identify a potential risk of water infiltration.  
 
Figure 8: 
Iteration shingle process 12 to 15.  

 
The rest of the iterations allowed adjusting 

variables related to size, shape, tightness and 
fixation and assembly. 

Critical issues were found out in regard to the 
potential thermal expansion and contraction of the 
polymer that may affect the coupling between 
shingles. Based on this background, finite-element-
iterations 9 and 11 and subsequent adjustments on 
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iterations 12 to 15 permitted defining the latch at 
45° and 3 mm of overlap. It ensures the latch even 
during conditions of maximum thermal expansion.  
 
5. CONCLUSION 

The studied design factors exhibited a 
satisfactory scenario for the development of an 
industrial prototype comprising of a photocatalytic 
wall coating, using recycled High-Density 
Polyethylene (HDPE) through mechanical recycling. 

Although the degradation degree observed in 
the polymer aging test is a critical variable, further 
studies should be conducted to assess the behavior 
of the coating by incorporating stabilizing additives 
such as carbon black. 

On the other hand, the mechanical properties 
remained within reasonable ranges, without 
reflecting significant decreases.  

Remarkably, based on the results from the NOX 
removal tests based on the ISO 22197-1 method, a 
photocatalytic wall shingle can be obtained via 
plasma impregnation of TiO2 over a polymeric 
matrix.  
 
Figura 9: 
Curve of NOx removal. Sample with 8,36% .  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
The novel photocatalytic films presented in this 

study give new insights into designing building 
materials from a sustainable perspective, and 
contribute to the efficient utilization of plastic 
waste for urban air pollution control using 
photocatalytic materials.   

This material design approach provides useful 
insights in terms of circular economy and 
environmental impact, which can be scaled up to 
the construction and architectural sectors.     
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ABSTRACT: Using plants as sun protection is of increasing interest because of the many benefits of vegetal 
material, in contrast to conventional sunscreens. However, its application and studies are currently limited by 
the complexity of considering organic variables as part of its performance in relation to a climate context. These 
limitations are evident in digital simulation softwares, which does not allow quantifying the thermal benefits 
that distinguish this protection from conventional ones in energy balance simulations. This work presents a 
method for evaluating the cooling potential of green screen façades that allows the model to differentiate and 
measure the effect of green screen façades as a shading device and as an evaporative cooling strategy. For this, 
a hygrothermal model is developed integrating calculation models provided by various authors within the 
Grasshopper platform using the EnergyPlus simulation engines. The results portray it is possible to simulate the 
virtual thermal behavior of the vegetal material, incorporating the evapotranspiration of the plant and its 
properties in the calculation of the air conditioning demands of buildings. 
KEYWORDS: Green screen façade, Evapotranspiration, Simulation, Thermal comfort, Plants. 
 
 

1. INTRODUCTION  
As a consequence of global warming, in Chile, 

the projections for the following years suggest a 
temperature increase of 2°C to 4°C throughout the 
country, and a reduction of around 40% of rainfall 
in the Central Zone, where the densest urban areas 
are located [1]. Among the strategies to mitigate 
the effect of climate change, the increase in urban 
green areas for the creation of microclimates to 
mitigate the phenomenon of urban heat islands is 
widely accepted, given that the vegetal material 
provides shade and increases the air humidity 
through evapotranspiration, as well as contributes 
to the reduction of environmental pollution and the 
conservation of biodiversity [2]. 

At the building scale, because of the high impact 
these structures have on the local microclimate, 
solutions such as green screens and roofs use the 
benefits of the properties of the vegetal material to 
mitigate the urban heat. Integrating live plants in 
the façade design allows to regulate the surface 
temperature of the envelope, blocking the incident 
solar radiation, reducing the effect of the wind, and 
cooling the air through evapotranspiration [2]. As a 
result, this strategy allows to avoid heat loss in 
winter, overheating in summer and potentially 
improving the building’s energy performance [3]. 

Unlike conventional sunscreens applied to 
buildings to protect them from sun exposure and 
reduce overheating due to excessive solar gain, 
green screen façades are a more efficient passive 
strategy given the additional benefits the vegetal 

material can provide, both at a large and small 
scale, because the surface temperature of the 
leaves is lower than that of the materials 
traditionally used [4]. It has been shown that, for 
the same incident solar radiation, the surface 
temperature of the walls decreases double the 
amount with a vegetal screen compared to a 
conventional solar protection, since the surface 
temperature of the vegetation stays under 35 ºC 
when an unprotected wall can reach up to 55 ºC [5]. 
This is because traditional materials have a higher 
density and heat capacity under solar exposure, 
causing them to have a higher surface temperature 
transmitting this caloric energy. Plants instead have 
an additional function of perspiration that allows to 
maintain a lower temperature against direct sun 
exposure due to the fact that around 60% of the 
energy absorbed by the plant is transformed into 
latent heat as a physiological process of 
evapotranspiration [6]. 

Despite the potential benefits of using 
vegetation as a cooling strategy in buildings, its use 
is limited by the difficulty of incorporating its 
contributions into the calculation of the building’s 
energy balance. This issue is currently being worked 
on through three fundamental methods: 
experimental studies, measurements of buildings in 
operation, and digital modelling. 

Experimental studies and measurements of 
existing buildings are more abundant, however, for 
both types of study methods the results are only 
valid for the climates and orientations of each case 
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[7]. In Berlin, studies were carried out to analyse 
the behaviour of the vegetal façade in buildings 
with different orientations, determining shade and 
evapotranspiration as the main factors of their 
performance [6]. In Shanghai, a study compared the 
building performance before and after the 
installation of green screens for south and north 
façade, achieving an average decrease in the daily 
temperature of 0.4°C and 0.2°C and maximums of 
5.5°C and 3.3°C, for each orientation respectively 
[8]. In Hong Kong, after the application of green 
screens as a solar protection for buildings, a 16% 
energy saving was achieved in summer [9] and, in 
another study, the green screen caused reductions 
of 6.1°C in the cavity between the envelope and the 
screen, and reductions of 3.6°C inside the building, 
compared to the exterior temperatures [10]. 

In Chile, studies regarding the phenomenon of 
urban heat islands associated with environmental 
pollution showed that vegetation can be used as a 
strategy to thermally regulate the city [11]. Recent 
studies of the hygrothermal potential of green 
screen façades through measurements of buildings 
in operation in Santiago de Chile, have registered 
differences of 8°C in temperature and 30.4% in 
relative humidity between the green screen and the 
building envelope. Where it was determined that 
the fundamental factors for its performance are the 
orientation and density of the foliage, further 
validating its effectiveness in dry Mediterranean 
climates such as Santiago [12].  

Studies based on digital modelling face the 
difficulty of representing the geometry and density 
of vegetation, in addition to considering its cooling 
potential for calculating buildings energy demands. 
The common method is the calibration of models 
experimentally to predict the optical properties of 
vegetation and reframe the energy balance from 
the plant’s metabolism, based on the reference 
climate [13,14]. With this method, it has been 
verified that green walls have a greater impact in 
hot climates since they allow to reduce cooling 
loads if they have an efficient irrigation system [7]. 
A model based on the morphology of the 
vegetation has also been proposed and 
experimentally verified, determining that, in order 
of importance, the relevant climatic variables for its 
performance are solar radiation, wind speed, 
relative humidity, and outdoor air temperature [15]. 

The problem that the design of green screens 
faces today is how to calculate the latent heat and 
evapotranspiration produced by a plant in order to 
quantify its potential or capacity to produce passive 
cooling by regulating the temperature and relative 
humidity in the environment.  

Thus, the application and projection of green 
screen façades are still limited by the complexity of 

considering organic variables as part of its 
performance in relation to a climate context [3,4]. 
These limitations are evident in digital simulation 
softwares, which does not allow to quantify the 
thermal benefits that distinguish this protection 
from conventional ones in energy balance 
simulations, given that current simulation softwares 
that includes this material in thermal calculation 
models only integrate the optical properties of the 
vegetation, reducing its effect to that of a 
traditional solar protection, leaving aside its 
hygrothermal contribution [16]. Developing a 
method to calculate the energy potential of 
vegetation would allow them to be incorporated as 
a passive cooling strategy, both in early design 
stages and in improving the thermal performance of 
buildings in operation. 

Authors such as Suklje, Susorova and Larsen, 
have generated significant contributions to the 
thermal modelling of green protections, considering 
the effect of evapotranspiration on heat 
transmission through the buildings envelope, both 
for green walls and green screen façades [4,13,15]. 
These mathematical models are based on the 
method proposed by the Food and Agriculture 
Organization (FAO) [14-17] to calculate plants 
evapotranspiration through the Penmann-Monteith 
equation. However, there are no antecedents of 
calculating the contribution of humidity to the air 
generated by latent heat, which may have a high 
potential when associated with the evaporative 
cooling method, as the energy consumed by the 
change of state of water from liquid to gas removed 
from the air reduces the air temperature [4] as this  
energy is obtained from the sun and from the 
sensible heat transmitted by the air. 

Therefore, the aim of this paper is to propose a 
method for quantifying the contribution of humidity 
through evapotranspiration and thermal balance of 
plant screens in relation to a glazed façade by 
integrating calculation models, provided by various 
authors, which allows the following variables to be 
determined: the evapotranspiration of the 
vegetation; the latent heat released in said process; 
the contribution of humidity to the environment; 
and the evacuated heat that will finally inform the 
cooling potential. 

 
2. MATHEMATICAL MODEL 

The leaves are the organ where 90% of its water 
loss is concentrated and where photosynthesis 
occurs by synthesizing carbon dioxide and water to 
produce oxygen [4]. 

Leaf transpiration occurs through two 
processes: evaporation and diffusion of water 
vapor, together with evaporation from the soil or 
plant substrate, producing evapotranspiration. The 

 

rate of evapotranspiration depends largely on 
meteorological factors such as light intensity, wind 
speed, temperature, and air humidity, all of which 
are directly related to the responses of plant cells, 
as well as the plant factors such as leaf area index, 
leaf size, stomatal conductance, and aerodynamic 
resistance [17].  

In this way, the model for estimating the cooling 
potential of double vegetable skins refers to the 
calculations that account for the thermal effect of 
the plant to be incorporated as a new element in 
the thermal balance of the building when 
estimating the energy required for acclimatization 
of the interior space (Fig. 1). The energy balance of 
this process has three components: one part is 
released as sensible heat, which is what can be 
perceived as heat; another part as latent heat, 
which is the energy absorbed in the change of 
phase of the water; and a minimum part is used for 
photosynthesis. 

 
Figure 1:  
Heat exchange network diagram of a green screen façade 

 
Note: qsun: Incident solar radiation; kpl: plant absorption 
coefficient; Tair: Outside air temperature; Tpl: vegetation 
surface temperature; Tglass: Internal surface temperature 
of the glass; Tin: Indoor air temperature. 
 
2.1 Evapotranspiration 

For the specific case of indirect plant systems or 
green screen façades, the heat transfer processes 
involved in the energy balance of foliage are the 
absorption of the incident solar radiation, the 
transmission of sensible heat by convection 
between the leaf and the surrounding air, the 
transmission of infrared energy between the sheet 
and the components of the building façade by 
radiation, the latent heat expelled by the plant by 
transpiration, the storage of energy in the tissues, 
conduction through the leaf (generally 
insignificant), and the energy used for the metabolic 
processes necessary for the photosynthetic or 
catabolic reaction [4]. 

These factors are expressed in the Penman 
equation (Penman 1948) for the calculation of 
evapotranspiration (Equation 1): 

   ET = (∆( qsunKpl – qrad – G) + ρair Cair(e0 – eair )/         (1) 
      ra)/ (λ(∆ + γ (1 + rs/ ra))                                 

In this equation ET is the evaporated water in 
g/sm2. In the case of vertical plant systems, the area 
of the plants is greater than that of the substrate, 
for which transpiration is dominant, due to this, the 
heat absorbed by the soil (G) (W/m2) is negligible 
(G=0) when compared to the other contributions. 
The total energy absorbed is represented by qsunKpl 
which corresponds to the incident radiation qsun 
(W/m2), and Kpl the absorption coefficient of the 
plant. γ is the psychrometric constant in (kPa/ºC), 
ρair is the air density (Kg/m3) and Cair is the specific 
heat of the air (J/kg K), e0 is the saturation vapor 
pressure at mean air temperature (kPa), eair the real 
vapor pressure (kPa), ra and rs are the aerodynamic 
resistance (s/m) and the stomatal resistance (s/m) 
respectively, ∆ is the slope of the saturation vapor 
pressure curve (kPa/ºC) at air temperature (ºC) and 
λ is the specific heat of evaporation of water (λ = 
2490 kJ/kg considered at a temperature of 20°C. 
Finally, qrad corresponds to the net infrared flux 
between the ground floor and the glazed surface of 
the façade (W/m2), expressed by the Equation (2): 

  qrad = σ εpl Fground (Tpl
4 – Tsoil

4) + σ εpl Fsky (Tpl
4 –        (2) 

     Tsky
4) + σ (εplεg /(εpl + εg

 – εplεg))*(Tpl
4 – Tg

4) 

Where σ is the Stephan-Boltzmann constant (σ = 
5.67x10-8 W/m2K4), εpl and εg are the emissivities of 
the vegetation and glass respectively, Tpl, Tsoil and 
Tsky, Tg are the foliage, ground, sky, and glass 
temperatures (K) and Fground and Fsky are the 
corresponding view factors. 

 
2.2 Latent heat 

From evapotranspiration it is possible to 
determine the latent heat (LH) (W/m2). In practical 
terms, this value corresponds in this case to the 
absorption of energy caused by the change of state 
of water from liquid to gaseous. The Equation (3) 
allows its calculation as presented below: 

LH = ET*λ                        (3) 

Where ET corresponds to the 
evapotranspiration (g/sm2) and λ (λ = 2490 kJ/kg) is 
the specific heat of vaporization of water. 

 
2.3 Humidity contribution 

The contribution of humidity to the 
environment (Hpl) is expressed in kilograms of water 
per kilogram of dry air (kg	 water/kg	 dry	 air).	 It	
refers to the transfer of water vapor to the 
surrounding air mass by the effect of 
evapotranspiration from the green façade. 
Consequently, this transfer of water vapour, causes 
an increase in the concentration of water in the 
environment and, therefore, its absolute humidity. 
However, as the plant evapotranspiration data 
describes the water content per surface unit, it is 
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not possible to determine its contribution using 
relative humidity differentials. For this reason, the 
air density (ρair) is used, which contains the 
environmental variables that inform the basic 
conditions of the contribution of the vegetal façade, 
such as atmospheric pressure, ambient 
temperature, and relative humidity, necessary to 
obtain the kilograms of water contributed by the 
vegetation. As expressed by the Equation (4): 

  Hpl = LH*Agf /(1000ρairfair* λ)                  (4) 

Two variables are incorporated into the 
described equation. The green façade area (Agf) (m2) 
that reports the dimension of the green façade that 
is being evaluated and the air flow (fair) expressed in 
cubic meters per second (m3/s) that accounts for 
the mass movement that integrates the rate of air 
renewal after the evaporative discharge has been 
produced. This last variable is important because it 
establishes the need to move the mass of air that 
surrounds the vegetal façade to avoid its saturation 
and thus keep the cooling principle contained in the 
evapotranspiration principle active. 

The mass of air in contact with the vegetal 
façade presents a reduction in energy that 
corresponds to that used for the evapotranspiration 
process and, therefore, a reduction in its 
temperature. In this way, said cooled air can be 
used as an evaporative cooling strategy which can 
be integrated into the building from an air injection 
and extraction system. 

 
2.4 Heat evacuated 

The heat evacuated (qair) (W/m2), being the 
energy absorbed from the environment 
surrounding the plant to reach the vaporization 
process of the released water, is obtained from the 
humidity contribution (Hpl) (kg	 water/kg	 dry	 air)	
and the specific heat of the water (λ), detailed in 
the following Equation (5): 

qair = Hpl*λ                           (5) 

Finally, the heat evacuated provides the 
information on the cooling potential of the green 
façade indirectly associated with the building 
envelope, since it describes the energy consumed in 
a given volume of air by the plant's 
evapotranspiration process. If said volume of air is 
incorporated into the building by some type of 
ventilation strategy (natural or forced), the energy 
consumed in the evapotranspiration process can be 
subtracted from the internal loads accumulated in 
the building after its thermal balance, as the 
potential thermal conditioning of the vegetal façade 
in the interior space. 

 

3. MODEL PARAMETERS 
For the implementation of the mathematical 

model described, the equations were incorporated 
as programmed routines in the Grasshopper 
programming platform (Version 1.0.0007-2019) in 
the Rhinoceros 3D software plugin (version 6 SR13-
2019), simulated through Energy Plus with the 
DIVA-Toolbar 4.1.0.11 interface. 

 
Figure 2:  
Case model elaborated for the estimation of the thermal 
contribution of the vegetal screen 

 
Two cases will be analyzed: base case model, 

which considers the plant screen solely as a shading 
system; and a green screen model, which considers 
both solar protection and cooling potential 1. For 
the two scenarios, a building with a square floor 
plan of 20 meters on each side is used, with a 
glazed façade and plant screens as solar protection, 
oriented perpendicular to the north. The floor plan 
was divided into four thermal zones differentiated 
by their orientation (Fig. 2). 

To simulate the vegetal material the “big leaf” 
method is used [4], translating the plant layer as a 
single leaf that covers the entire façade as a 
constant solar screen. For this a custom Radiance 
material is created with properties resembling 
climbing plants optical characteristics are assigned 
to a monolithic glass (Table 1), as a simplified 
solution established in previous studies to analyze 
primarily its shading effect [4]. 
 
Table 1:  
Material properties assigned to simulate a green façade 

Properties Values 
Solar transmittance 0.3 
Sun reflectance 0.2 
Visible transmittance 0.06 
Visible reflectance 0.09 
Thermal emissivity 0.95 
Conductivity [W/m2 C] 0.59 

 

In both models, the internal gains are active for 
twenty-four hours to show the effect that solar 
radiation and evapotranspiration has on cooling 
loads. The air conditioning modeled is controlled 
with a set-point of 26°C and humidity with an 

 
1 The evapotranspiration results were penalized by 50% to 
represent that a plant does not receive constant solar radiation 
since the leaves shade each other. 

 

activation threshold of 30%. For the second case a 
natural ventilation is considered to incorporate the 
effect of evapotranspiration into the thermal 
balance. 

To illustrate the impact of the climate factors on 
the green façade the model is simulated for three 
representative days of summer: sunny (January 1), 
cloudy (February 5) and partial (February 17). 
 
4. RESULTS 
4.1 Overall performance 

The average hourly energy demands of the three 
representative summer days are analyzed (Fig. 3). It 
is observed that the evapotranspiration of the 
vegetal screen generates a reduction of the loads 
throughout the day, however, in the sun light hours 
the cooling effect of the vegetal screen is 
accentuated. 

 
Figure 3:  
Cooling consumption 

 
Note: Graph of cooling loads on a representative summer 
day. This does not distinguish orientation or type of day.  
 
4.2 Relation between incident radiation and 
evapotranspiration 

The graph (Fig. 4) compares the incident solar 
radiation and the evapotranspiration of the plant 
during the day, showing their correlation. The 
higher the solar radiation, the better the 
evaporative performance of the vegetable screen. 
During the hours when there is no solar radiation, 
the plant's evapotranspiration remains in operation 
due to other variables such as outside temperature 
and relative humidity, which are also considered in 
the mathematical model. 
 
Figure 4:  
Relationship between incident radiation and the 
evapotranspiration of the vegetal screen 

 

4.3 Dependence between evapotranspiration and 
orientation 

Figure 5 shows four graphs comparing the 
incident solar radiation and the cooling loads by 
orientation considering the evapotranspiration. It is 
observed that the peak of incident radiation occurs 
according to the solar path and is correlated with 
the reduction of the energy demand. This shows 
that, in the presence of solar radiation, the plant 
not only acts as sun protection since it also 
functions as a passive cooling system. 
 
Figure 5:  
Relationship between incident radiation and cooling loads 
of the case that incorporates the thermal effect of the 
plant screen by orientation 

 

 

 
 
4.4 Performance according to the climate context 

The Figure 6 shows the daily average energy 
demands for the two scenarios and each of the 
three types of days simulated. The case that 
considers the contribution of evapotranspiration 
has constantly lower cooling loads, achieving a 
reduction of 33% of the demand for a sunny day, 
22% for the partial day, and 45% for the cloudy day, 
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expressing its cooling potential. Thus, showing that 
the thermal contribution of the plants has a positive 
impact. 

 
Figure 6:  
Refrigeration demands for each representative day of the 
summer season and its cooling potential. 

 
 
5. CONCLUSION 

A method has been shown to incorporate the 
evapotranspiration of the vegetal screens in the 
calculation of the cooling loads of the buildings. This 
model integrates algorithms provided by different 
authors and allows to compare the difference 
between considering the plant screen solely as sun 
protection or both as a shading system and as a 
contribution to the air conditioning of the building. 

The proposed model was applied to evaluate 
the behaviour of a virtual green façade placed in the 
climate of Santiago de Chile, the results show 
vegetal screens can be used as a passive cooling 
system on sunny, partial, and cloudy days where 
the cooling potential of the plants is related to the 
incident radiation in the façade's plane. Therefore, 
their incorporation in the energy loads calculations 
would support their application. 

However, the primary aim of this study is to 
present a mathematical model to estimate the 
potential cooling of a vegetal screen, which is an 
abstraction of reality and therefore results can vary 
according to the model parameters and climate 
conditions considered. Thus, further research is 
necessary in order to validate, evaluate the model 
sensitivity and be able to determine which are the 
virtues and which are the issues that should be 
discussed or incorporated into the method 
developed. For this, an experimental approach 
would be beneficial to provide real data to calibrate 
the model and be able to calculate the thermal 
benefits of plants with greater efficacy. 
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ABSTRACT: This paper presents an evaluation of the use of wool as thermal insulation material 
considering the specific conditions and resources available in Argentina and in the Province of Buenos 
Aires. The sheep production in this province is principally aimed at meat production, with coarse wool 
as a low value waste by-product that is not used commercially. The paper presents the favourable 
qualities of the product, the quantities available, the potential use as a thermal insulation for buildings 
and the potential requirements to satisfy the new thermal standards for social housing. The 
requirements for a typical social housing unit are calculated to relate potential supply and demand. 
The spatial distribution of production units in the province is also evaluated to resolve the problems of 
recollection, processing and transport of this low-density product. The number of beneficiaries of this 
new supply chain is also calculated, considering rural employment and improvement of social housing. 
Finally, an example of this new application of coarse sheep wool is shown to demonstrate the feasibility 
of this production.  
KEYWORDS: Wool, thermal insulation, social housing, thermal conductivity.  
 

 
1. INTRODUCTION 
      Buildings are a leading contributor to greenhouse 
gas emissions, generating nearly 40 % of annual global 
CO2 emissions. Of this total, building operations are 
responsible for 28 % annually, while building materials 
and construction, typically referred to as embodied 
carbon, are responsible for an additional 11 % annually 
(1). 
      From an integrated assessment of sustainability and 
energy efficiency in buildings, thermal insulation from 
discarded sheep wool offers an effective circular 
economy option for massive application in social 
housing. Coarse thick sheep wool is a natural and 
renewable resource for the industrial production of 
thermal and acoustic insulation blankets. Innovative 
design processes can transform solid rural waste into 
raw material to produce construction products, reusable 
and compostable at the end of their life cycle.  
      This material is currently a difficult issue for small 
producers as sanitary shearing is mandatory, but wool 
from breeds that are used for meat production has no 
value for the textile industry, so it must be burned, 
buried, or delivered as part of the shearing payment.        

       Data from the Sheep Council of the Province of 
Buenos Aires (2) indicates a significant volume of 
discarded wool, so the feasibility for industrialized 
production is analysed, evaluating the creation of a new 
chain of added value that starts with small producers in 
family farms, to the organization of wool collection 
points, and a centralized production system.  
     As a result of its favourable properties, this product 
can be used in the construction industry to improve 
building envelopes, walls and roofs, due to its excellent 
thermal insulation, moisture control, and sound 
absorption characteristics. This case study of wool 
insulation in social housing for Buenos Aires Province 
provides comparative data of environmental impact.  
 
2. METHODOLOGY 
2.1 Geographical location of waste raw wool 
       There are different kinds of wool, and they grow in 
different thicknesses. It depends on breed, gender, age, 
feeding, rainfall, etc. (3). Not all sheep wool is suitable 
for the textile industry, considering the fibre diameter. 
Fine sheep breeds like Merino are found in Patagonia, 
while Dual purpose or Meat breeds, like Romney with its 
Medium or Coarse wool are found in the province of 
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Buenos Aires. This results in waste wool, a by-product of 
the meat, and the present study considers the potential 
production of insulation blankets and their contribution 
to reduce environmental impacts. 
 The price for wool is determined by its diameter 
measured in microns and washing yield expressed in % 
of clean fleece weight. This percentage can vary 
between 72 % to 50 % (4). Table 1 shows the diameter 
classification published by the Argentine Wool 
Federation (5). 
 
 

 
Table 1. Fineness equivalent in microns  

 
 

 According to the Sheep Council of Buenos Aires 
Province, the production of coarse sheep wool in 2019 is 
around 3500 / 4000 tons, based on a population of 
1.040.000 sheep and 3,5 to 4 kilos per animal (2).   
 Sheep wool production is expressed in ¨greasy tons¨ 
or kilos. The washing yield percentage for sheep breeds 
from Buenos Aires is around 50 or 55% of clean fleece 
weight. 
 The livestock population is widely dispersed in the 
territory, with many small farmers with less than 500 
sheep, and more than 24000 production units in the 
Province of Buenos Aires (2). In this context, the map of 
the province (Figure 1) was prepared with the size and 
stage of collecting points and location of Sheep Councils, 
with the information from the Sheep Council of the 
Province of Buenos Aires (2). The circle in the map 
highlighted the 300 km area around CABA to be 
considered in freight analysis. 
 
2.1 Sheep wool insulation characteristics 

Sheep wool insulation properties are well known 
from ancient times: it was used as felt for Mongolian 
yurkas, and in fabrics, carpets, and furniture to 
conditioning building interiors in different ages and 
cultures. It's renewable, sustainable, and a natural 
insulation with durable and long-lasting performance. It 
can be reused, and it is totally recyclable. A healthy 
material, with no negative health impact during 
handling. It is easy to install, does not produce irritation 
in skin or eyes, and does not require specific tools or 
equipment.  
 

 

 

 
Figure 1: Map of Buenos Aires showing sheep-rearing locations 
with Information from Sheep Council of the Province (2).  
  
 
 

Wool thermal conductivity is between 0.038-0.054, 
Table 2 shows an evaluation (7) comparing it with 
fiberglass and expanded polystyrene. 

 

 
Table 2. Comparison of wool performances and common 
insulation material [6]  
  

Wool fibres also exhibit hygroscopic behaviour, 
which allows them to absorb up to 33-34% (kg/kg) of 
their dry weight (7). This characteristic lets the insulation 
work as a thermal regulation system, to absorb and de-
absorb excess humidity. 

Excess of air relative humidity is the main cause of 
mould which has detrimental effects on building 
structure and human health. Wool’s capacity to absorb 
the excess moisture without significant changes of its 
thermal performance differs from the case of mineral 
fibre insulation that deteriorates (8). Wool also 
possesses natural antibacterial properties (9). In the 
event of fire, wool has self-extinguishing properties; it 
has a high proportion of nitrogen in its composition and 

 

 

therefore does not support propagation of the flame and 
has a fire reaction class “E” (10). 

Another favourable property is the potential to be 
recycled and reused; it can be composted at the end of 
the life cycle, contributing to zero waste, mitigating 
concerns about the impacts of building materials. It also 
contributes to toxin sequestration, because its high 
protein content captures VOC´s like formaldehyde, 
toluene, limonene, and dodecane. These gasses emitted 
from furniture and several construction materials are 
present in most of the buildings. Therefore, sheep wool 
insulation contributes to the improvement of indoor air 
quality (11).  

 
Sheep wool is a carbon smart material. According to 

the conversion factors published by the International 
Wool Textile Organization (12) and Carbon Smart 
Material Palette (13), 1 kg of clean wool equates to 1.8 
kilograms of CO2-e removed from the atmosphere and 
stored, considering carbon taken from the pasture, 
following sequestering from the atmosphere 1 or 2 years 
earlier, resulting in negative emissions. In contrast, 1 Kg 
of fiberglass has positive emissions and a footprint of 
1,35 Kg CO2 and 28 MJ embedded energy (14). 

As Figure 2 shows, sheep wool has the lowest 
embodied energy value of the insulation materials 
shown, considering material extraction, manufacture, 
transport, use, and end of life cycle.  

 

 
Figure 2: Carbon Impacts of insulation (13) 
 
2.3 Comparison with conventional insulation 

Fiberglass and Expanded Polystyrene are the 
conventional and most widely used insulation options 
available in Argentina. Environmental impact is 
evaluated in comparison between sheep wool and 
conventional insulation products and their CO2 
emissions and embedded energy along their life cycle, 

with the Strategic Matrix D4S (15, 16) from UNDP, the 
United Nations Environment Programme.  

For the selection of low-impact material, fiberglass 
uses sand as raw material which is abundant but not 
renewable material, and EPS is made from a derivative 
of petroleum. In contrast, raw material for sheep wool 
insulation blankets is a waste material, a bioproduct 
from the meat industry.  

In the evaluation of the logistics and distribution 
impacts, most insulation materials contain air, so there 
is little difference between according to density and 
transport costs. It is interesting to note that insulation 
materials compared in this matrix do not present much 
difference during use with similar thermal properties, 
they are installed inside cavities during the lifetime of 
the building and they offer similar thermal conductivity 
values.  

At the end of the life cycle, sheep wool as a 
compostable material has a great advantage compared 
with fiberglass and EPS that will be deposited in landfills 
and will take more than 500 hundred years to 
decompose.  
 

 
Figure 3: Strategic Design Matrix D4S [15] for wool in 
comparison with conventional insulation; glass wool and 
expanded polystyrene, prepared by the author. 
 
3. External Walls and roof assemblies for social housing 
prototype, with sheep wool insulation blankets 

 For the present study, a social housing 
prototype for Buenos Aires, from the Provincial Housing 
Institute, is analysed to calculate insulation for walls and 
roofs according to IRAM Standards for Thermal 
Conditioning.  

The two-bedroom free-standing single-story house 
of 58 m2 is used to calculate the area of insulation 
blankets, considering 50 m2 for roof and 95 m2 for 
exterior walls, and interior walls that require acoustical 
insulation. 
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The social house prototype, located in Almirante 
Brown, Province of Buenos Aires, Argentina, 34.8° S, 
58.3° W is located in the Bio-environmental Zone IIIb 
according the IRAM Standard 11603 (17). IRAM Standard 
11605 (18) defines three levels of thermal 
transmittance, or K value, in three levels from high to 
minimum comfort: A, B y C. Social housing prototypes 
formerly used level C to comply with the requirements 
until 2000, when the Provincial legislation in Law 13059 
established new obligatory Thermal Conditions for 
Buildings in Buenos Aires Province. This level is now 
required in all social housing. So, from this date, they 
have to comply with Level B, like all other building types. 

 

 
Table 3: K maximum Values for winter condition (W/m2K)[18]  
 

 
Figure 5: External wall and roof assembly with sheep wool 
insulation. 
 

As traditional masonry does not reach these values, 
the Steel Framing system is considered for roof and wall 
assemblies in order to calculate the demand for sheep 
wool insulation at 18/23 kg/m3 density, and layers of 
100 mm thickness. The results are shown in Table 4.  

 

 
Table 4: Calculated K values for wall and roof 
 
4. RESULTS OBTAINED 

The total number of housing units to be insulated can 
be estimated according to the raw material available. In 
order to reach 11-14 kg/m3 density for 100 mm, it takes 
1,10 - 1,40 Kg/m2 of clean sheep wool to produce the 
insulation blankets. For one house, to manufacture 150 
m2 of insulation, it will require 210 kilos of clean sheep 
wool. Considering 4.000 greasy tons yearly production, 
and applying 55% clean wool fleece, current availability 
provides enough raw material to install 10476 houses, 
per year. 

From the social-economic perspective, a fair price for 
coarse wool would be U$S 1.- per kilo, according to with 
Sheep Council of Buenos Aires, improving the actual 
theoretical price of U$S 0,55.- at MOBA Bulletin 31, 
December 2021, (1) for coarse sheep wool. Considering 
a fair price for coarse wool, this would represent a yearly 
income of more than U$S 4.000.000.- for the small 
farmers in Buenos Aires Province.  

On average, according to Buenos Aires Sheep’s 
Council, 4 people work at each production Unit, which 
means almost 100.000 workers who would benefit from 
the development of the resource, in addition to new 
labor opportunities for certificated shearers and other 
works related to sheep farming. 

Improving air quality in houses has a direct impact on 
their inhabitants. Sheep wool capacity to capture VOC’s 
will collaborate to reduce health problems associated 
with them, improving their quality of life and social 
inclusion. 

The environmental impact, processing 4.000 tons of 
sheep wool, would contribute with 7.000 tons of CO2 
sequestered [10] and the possibility to avoid 1060 tons 
of CO2 replacing conventional insulation [11]. 

The use of wool waste as raw material would also 
reduce the impact on soil and air of 4000 tons of solid 
waste to be burned, buried, or deposited in landfills. 

  Sheep Council of the Province of Buenos Aires is 
supporting research to develop products based on 
coarse wool, like the AbrigA project, with thermal and 

 

 

acoustical insulation solutions manufactured 100% pure 
sheep wool. 

 

  
Figure 6: sheep wool insulation blankets installed in La 
Escocesa. a house in the Province of Buenos Aires. 

 
Figure 6 shows Architect Angie Dub´s project, La 

Escocesa Guest House, located in 25 de Mayo, Province 
of Buenos Aires, which is the first building where AbrigA 
blankets were installed in roofs and exterior walls, and 
interior partition (20). 

Energy efficiency in buildings is strongly related to 
construction envelope insulation. To achieve a 
sustainable building process, it is vital to find new 
material solutions. The provision of sheep wool 
insulating blankets, a sustainable and renewable bio-
insulation, creates a new chain of added value for the 
small producers in family farms and the construction 
industry, promoting local and regional sustainable 
development.  

Clean sheep wool as carbon capture, contributes to 
transforming buildings into carbon-storing units 
promoting action on climate change leading to an 
effective CO2 drawdown. The contribution of this study 
is the integration of economic, social, and environmental 
benefits in the framework of regional and local 
sustainable development. 
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Analysis and Assessment of the Global Warming Potential of 
Solid Wood and Timber Frame Construction based on a Life 

Cycle Assessment including Forestry Production and Transport 
Options 

 
NICO FRANK STRANGER¹ ERIK FINDEISEN¹ SVEN STEINBACH¹ 

 
¹ Fachhochschule Erfurt - University Of Applied Sciences, Germany 

 

ABSTRACT: This study analyses and evaluates the global warming potential of solid wood and timber 
frame construction based on an overall cycle analysis including forestry production and transport 
variants. The presentation of the three production and logistics variants designed for this study is 
based on the life cycle assessment database "Ökobau.dat according to EN 15804+A1", as well as the 
forestry background data from the "Factsheets" of the University of Natural Resources and Applied 
Life Sciences Vienna. The objective was to determine process steps in the value chain with high global 
warming potential and their effects on the life cycle assessment of timber buildings with the help of 
the efficiency, inefficiency and standard variants developed by combining individual work steps. The 
scope here extends to a "cradle to gate with options" approach according to DIN EN ISO 
15804:03/2020. For this purpose, three LCA data sets each were created for the wood materials solid 
structural timber, glulam, cross laminated timber and oriented strand board under different 
conditions of primary production and logistics. Following on from this step, a life cycle assessment of 
a sample house in timber frame and solid wood construction was carried out for each production and 
transport variant. The results of this investigation four LCA variants for each residential building were 
under examination. From these it could be deduced that the global warming potential of the forestry 
production processes is many times lower than that of the logistical expenses. Accordingly, the 
effects of forestry production on the product balance of wood-based materials and the overall 
balance of timber construction are also lower than those of transport. In addition, it was found that 
the life cycle assessment of a solid wood building is on average thirty times better than that of a 
timber frame building. 

 
1. INTRODUCTION  

The use of wood in residential construction has 
recently experienced a massive renaissance (cf. 
Fingerlos, 2021b; Gruber, 2021; proHolz Austria, 
2021; proHolz Bayern, 2021). The reason for this is 
the increased demand for quickly available and 
affordable housing. This is particularly feasible 
through the use of timber construction. The timber 
construction quota has therefore risen continuously 
in both residential and non-residential construction 
in recent years, and is now over 20 % at the 
national level (cf. Holzbau-Deutschland, 2021, pp. 3-
4).  The reasons for this are the short construction 
times and the low weight of timber construction. 
(cf. Cheret & Schwaner, 2013; Cheret & Seidel, 
2014, p. 44; Ebner, 2021a; Lennerts, 2021). In 
addition, timber construction methods open up the 
possibility of sustainably construction.  Life cycle 
assessment is one way of verifying this.  

With the advent of LCA standardization, research 
and development in this area has been driven 
forward. The Johann Heinrich von Thünen Institute 
for Wood Research is one of the strongest research 
institutions with comprehensive publications in the 
field of life cycle assessment of wood. A milestone 
of the Thünen Institute is, for example, the study 
"Ökobilanz-Basisdaten für Bauprodukte aus Holz" 
(Life Cycle Assessment Basic Data for Building 
Products Made of Wood) from 2012 (cf. Rüter & 
Diederichs, 2012). On the basis of this study, it was 
possible to create "Ökobau.dat" as a public 
database for life cycle assessment values of 
materials in the building sector. On the basis of this 
database, it is now basically possible for every 
citizen to balance a building, for example, with the 
associated quantities of the building materials used 
and to calculate a preliminary global warming 
potential estimate (cf. Bundesministerium des 
Innern, für Bau und Heimat, 2021a). 

 

According to a study by the University of Natural 
Resources and Applied Life Sciences Vienna (BOKU), 
however, there are rather few research results in 
the field of forestry that deal with an LCA analysis of 
product systems. According to the study, there 
were only 13 publications in 2007. By 2017, the 
number had risen to 73 (cf. Kühmaier et al., 2019a, 
Section Summary). In 2019, BOKU published a very 
important research paper based on these 
cornerstones entitled "Ökobilanzierung der 
Holzbereitstellung bis zum Werk unter 
Einbeziehung neuer Technologien". The results of 
this study show the forestry production processes, 
based on the current state of the art (status 2018) 
and taking into account all upstream chains of 
forestry. 

2. RESEARCH QUESTION  

The research question of this paper is to what 
extent the inclusion of different forestry production 
variants has an influence on the life cycle 
assessment of timber buildings in timber frame and 
solid wood construction. At the same time, the 
question of whether and to what extent trans-port 
distances jeopardise possible climate compatibility 
is to be addressed. Furthermore, it should be 
clarified whether one of the two house construction 
variants is more favourable than the other in a 
direct comparison of the life cycle analysis under 
identical conditions. The results should then serve 
as a research basis for further studies and 
investigations in order to promote the use of wood 
in the long term in terms of climate protection and 
at the same time to optimise it. Finally, this work is 
to be used by environmentally conscious, 
interested, but undecided building owners as a 
support for decision-making in the question of the 
right service partner for them with the respective 
construction method. 

 
3. METHOD 

To calculate the LCA, three hypotheticals, but in 
practice applicable forestry production models 
were compiled. The decisive factor for the 
definition of an efficiency and an inefficiency 
variant was the consideration of the global warming 
potential. Thus, the efficiency variant is defined as 
one with the lowest possible GWP, irrespective of 
other factors such as economic efficiency or 
occupational health and safety. The opposite 
inefficiency variant embodies a production chain 
with the highest possible global warming potential, 
irrespective of other parameters. The efficiency 
variant is characterised by a low degree of 
mechanisation in timber harvesting and a required 
minimum number of production steps. The 

associated distance for the transport of raw wood 
to the mill is 40 km. The character of the 
inefficiency variant lies on the one hand in the high 
degree of mechanisation of the timber harvest. On 
the other hand, a large number of work steps are 
included in this production method. The transport 
distance for the inefficiency variant is 320 km. The 
standard variant was chosen as a production 
scheme for the production of softwood mass 
assortments that is frequently used at the present 
time. It is characterised on the one hand by the high 
degree of mechanisation of the timber harvest and 
on the other hand by a large number of work steps 
during the production process. The distance of the 
raw material logistics is defined here as 160 km. 
Subsequently, the global warming potential of 
forestry, the global warming potential of wood-
based materials and the global warming potential of 
buildings were calculated for the efficiency, 
inefficiency and standard variants. 

 
4. RESULTS 

The results of the comparison of the forestry 
production variants show that the global warming 
potential of raw wood production is subject to 
smaller fluctuations than that of logistics (cf. Figure 
1). In each production model, wood removal 
exceeds the global warming potential of forestry 
expenditure many times over. The influence of 
forestry production on the total global warming 
potential is therefore of secondary importance in 
contrast to that of wood removal. Accordingly, the 
greatest emission saving potentials also result from 
a few short delivery routes in the area of transport. 
The efficiency and inefficiency variants serve as an 
example. Here, the forestry expenditures coincide 
except for about seven kg CO2 eq / m³, although 
there are elementary differences in the form of the 
terrain, the number of production steps and the 
working methods used with the associated work 
equipment. In contrast, there is a difference in the 
global warming potential of wood removal. Here, 
the emission value increases eightfold in parallel to 
the eightfold increase in the transport distance 
when comparing the efficiency and inefficiency 
variants. 

FIGURA 
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Figure 1: Comparison of the GWP for each production 
variant based on raw wood production (light grey), 
transport (dark grey) and the sum of both components 
(black) 

 
4. RESULTS  

With regard to the LCA comparison of timber frame 
construction and solid wood construction, 
construction method-specific properties that have 
an influence on the LCA were considered. Figure 2 
shows the construction method-related percentage 
share of renewable and conventional building 
materials in the total volume of all building 
materials without taking the fastening material into 
account. 

 

 
Figure 2: Percentage share of renewable and conventional 
building materials in the total volume for TFC and SWC   

The term "renewable building materials" includes 
SST, GLT, OSB, CLT, SWF and roof battens. The 
volume of all building materials is 95.1 m³ when 
considering the timber frame construction method 
and 159.2 m³ when considering the solid wood 
construction method. The material volume of the 
solid wood construction exceeds that of the timber 
frame construction by a factor of 1.67. In the timber 
frame construction, it can be seen that the shares of 
renewable and conventional building materials are 

50 % each. This is primarily due to the low use of 
wood-based materials in the construction method 
and the simultaneously high use of mineral 
insulation. The use of plasterboard also contributes 
significantly to the result. In comparison, the 
proportion of renewable building materials in solid 
wood construction is 97 % and the proportion of 
conventional building materials is 3 %. Here, the 
result is due to the construction-related use of solid 
wood materials and the use of softwood 
fibreboards in combination with a small number of 
conventional building materials.  

Table 1 shows the wood-based materials used in 
the corresponding construction method with the 
corresponding volumes. In total, around 48 m³ of 
timber materials are used in the construction of the 
house in timber frame construction. Solid structural 
timber (SST), glued laminated timber (GLT), OSB 
boards, softwood fibre boards and roof battens are 
used. In comparison, fewer wood materials are 
used in the construction of the solid wood house, 
but their volume (approx. 155 m³) exceeds that of 
the timber frame construction variant by more than 
three times. This special feature of the individual 
construction methods becomes even clearer when 
looking at and comparing the volumes in relation to 
the solid wood materials (SST, GLT, CLT, roof 
battens). With a total volume of around 116 m³, the 
solid timber construction method exceeds the 
timber frame construction method by almost five 
times with around 24 m³. 

 
Table 1:  
Wood-based materials used in both construction 
methods according to their masses [m3] 

 

 
Figure 3 illustrates the GWP of construction-related 
logistics from the factory to the construction site of 
the building. The weight of the solid timber 
construction adds up to around 64.4 t without roof 
tiles. The weight of the timber frame building is 
around 26.1 t without the roof tiles. The solid wood 
building is thus almost 2.5 times heavier than the 
lighter timber frame building. The ratio of the 
logistical global warming potential is almost 
analogous to the ratio of the weight of solid wood 
and timber frame construction. The logistical global 
warming potential of solid wood construction is 

 

therefore on average 2.3 times higher than that of 
timber frame construction. 

Figure 3: GWP of construction-related logistics (Modul A4) 
for each variant 

 
 

Figure 4 shows the comparison of the life cycle 
assessments of the two construction methods 
considered. The shaded columns represent the life 
cycle assessment of the solid wood construction 
method, the non-shaded columns that of the timber 
frame construction method. The left part of the 
graph serves to visualise the results in relation to 
the overall project. The right part is dedicated to 
the presentation of the square-metre-related 
results. It can be seen that, despite the higher 
transport costs, the solid wood variant has a better 
balance result due to the greater use of wood 
materials in conjunction with a lower consumption 
of climate-intensive building materials. Regardless 
of the production variant, the solid wood building 
always has a positive life cycle assessment. When 
considering timber frame construction, three of the 
four product variants have a positive life cycle 
assessment. 

Figure 4: GWP Comparison of SWC and TFC in total and 
per square meter. 

 

 
 

equivalents per square metre. In relation to the 
building as a whole, this represents an overall 
balance of around 17.2 t CO2 equivalents. In 
contrast, the ecological balance of timber frame 
construction is 1.11 kg CO2 equivalents per square 
metre on average. At the building level, this 
corresponds to an absolute balance of around 585 
kg CO2 equivalents. The ratio of timber frame and 
solid wood construction based on the average life 
cycle assessments shows that the overall balance of 
solid wood construction exceeds that of timber 
frame construction on average by almost thirty 
times in a positive sense. When considering the 
Ökobau.dat variant, timber frame construction 
saves around 50 kg CO2 equivalents compared to 
the solid wood building with around 19 t CO2 
equivalents. In relation to one square metre of the 
same building, this results in 0.09 kg CO2 
equivalents for timber frame construction and 
36.23 kg CO2 equivalents for solid wood 
construction. The life cycle assessment of solid 
wood construction thus exceeds that of timber 
frame construction by a little more than four 
hundred times. 

When considering the standard variant in terms of 
square metres, a balance result of 1.75 kg CO2 
equivalents is recorded for the timber frame 
construction and 32.95 kg CO2 equivalents for the 
solid timber construction. In absolute terms, this 
corresponds to a total balance of around 920 kg 
CO2 equivalents for timber frame construction. In 
comparison, the total balance of solid wood 
construction is around 17.3 t kg CO2 equivalents. 
Here, too, the life cycle assessment of the solid 
wood construction is almost nineteen times higher 
than that of the timber frame construction. For the 
other variants, the life cycle assessment of the solid 
wood construction exceeds that of the timber 
frame construction once by almost ten times 
(efficiency variant) and once by almost nine times 
(inefficiency variant). The associated global 
warming potentials in absolute and relative form 
can be examined in Figure 4. 
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5. SUMMARY 

In summary, both construction methods make a 
positive contribution to climate-friendly building, as 
conventional building materials are substituted by 
the use of timber construction materials. At first 
glance, the results of timber frame construction 
seem rather sobering compared to those of solid 
timber construction, but it is clear that here, too, a 
not insignificant amount of carbon is removed from 
the atmosphere in the long term and stored in the 
building. Both construction methods are therefore 
an effective means of reducing the global warming 
potential of the building sector and enabling 
climate-friendly construction. 

The potentials of increased wood use and its 
positive influences on the climate compatibility of 
the building sector have already been analysed and 
presented in a large number of studies (cf. Albrecht 
et al., 2008; Braune et al., 2021; Bundesministerium 
des Innern, für Bau und Heimat, 2019; Cheret et al., 
2021; Dolezal, 2012; Gärtner et al., 2012, 2013; 
Griesebner & Egle, 2013; Hafner et al., 2017; Nagler 
et al., 2018; Rüter, 2017; Scheer et al., 2007; 
Wolpensinger, 2009). Despite this, there are still 
barriers to the use of wood in the building sector. 
One of the biggest obstacles to the further 
expansion of wood use in the building sector is the 
currently valid fire protection regulations. These 
often impose considerable restrictions on the use of 
multi-storey timber construction, especially in 
urban areas, or in some cases prohibit its use 
completely. A large number of studies and 
experiments have already shown in the past and are 
currently showing that building with wood also 
offers maximum safety in terms of fire protection 
(cf. Cheret et al., 2021; Engel et al., 2020, 2021; 
Zehfuß et al., 2019). Therefore, training and further 
education of building planners, architects and all 
planning personnel is required so that safety-
related prejudices against timber construction can 
be eliminated. 

Finally, the efficiency of wood processing must be 
increased. Despite the fact that wood is a 
renewable raw material in not insignificant 
quantities, it must nevertheless be used carefully 
and must not be used wastefully under any 
circumstances. Regardless of other influences such 
as transport or manufacturing costs, it can be said 
that the positive ecological balance of a building 
increases with the degree of wood use and the 
amount of wood used. The LCA would improve 
further if, however, a lower material input was 
required to produce the wood-based materials. 

However, all optimisations of the production chain 
and legal framework conditions will only be 

effective if the use of wood products is no longer 
seen as an exception but as the standard. The basic 
prerequisite for this is that the social benefits of 
timber construction are internalised among building 
owners, planning staff and consumers. 
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Vacuum-glazed windows 
A review on recent projects’ methods, results, and conclusions 
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ABSTRACT: Windows are relevant for the design and performance of buildings for several reasons, such as 
daylight and natural ventilation provision. However, window constructions are considered as weak spots in the 
thermal envelope compared to opaque elements. This is due to increased heat transfer in comparison with full-
fledge insulated opaque elements. Moreover, thermal bridges, mold growth, water penetration and draught are 
phenomena that occur often in window constructions. To tackle these, windows have been undergoing different 
improvements (e.g. multi-layer glass panes, rubber seals, foil add-ons on glass pane, etc.) majorly addressing 
their hygrothermal and acoustical performance. Vacuum glass products (VGs) are highly insulating glass 
products that are offered on the market with reasonable degrees of vacuum-upkeep today. While the 
development of such glass products has been widely published, little R&D efforts have been observed targeting 
the integration of such VGs into contemporary and existing window constructions. The present contribution 
reports on recent projects focusing on the integration of highly insulating VGs into historic and new window 
constructions. In existing windows, significant improvement of the thermal performance can be reached. New 
windows, tailored to the requirements of VGs provide extraordinary performances, if properly designed and 
integrated in the building envelopes. 
KEYWORDS: Vacuum glazing windows, Existing windows, Development of new windows, Numeric Thermal 
Bridge Simulation, Hygrothermal performance. 
 

1. INTRODUCTION 
The production of durable, high-insulating 

vacuum glass products has been challenging for 
about a century, following Anton Zoller’s first 
patent in Germany in 1913 [1]. “Durable” thereby 
means that the vacuum inside the vacuum glass 
product should persist at least for periods that 
allow to utilize these products for building 
construction purposes. Given the loss of inert fill 
gases of comparable double and triple insulation 
glass, this time period should be at least 25 to 30 
years. Since about a decade such durable vacuum 
glass products are available on the market. At a very 
small thickness (8 to 10 mm) they offer very low Ug-
values ranging between 0.4 to 07 W.m-2.K-1. While a 
lot of effort has been conducted pertaining to the 
technical aspects of the vacuum glass products 
itself, little research efforts have been conducted 
regarding the integration of the glass in 
contemporary and past window constructions. The 
authors of this contribution started to work upon 
this topic in 2014 and since then have been 
constantly working in this field and were able to 
successfully finalize four research projects. These 
projects were two (early-stage) exploratory projects 
and two collaborative research and development 
projects encompassing industrial partner. 
Moreover, one exploratory and one collaborative 
project focused on the integration of vacuum glass 
projects into new / contemporary windows 

(projects MOTIVE and projects FIVA), while the 
other exploratory and collaborative projects 
targeted the integration of vacuum glass products 
in existing windows of cultural meaningfulness as a 
mean of thermal improvement of the culturally 
sensitive part of the existing building stock (projects 
VIG-SYS-RENO and VAMOS). Furthermore, the two 
exploratory projects and the collaborative project 
focussing on new windows can be described as 
engineering-focused, while the collaborative project 
focussing on existing windows (VAMOS) can be 
described as implementation and monitoring-
based. In other words, in this project existing 
casement windows of historically meaningful 
buildings were equipped with vacuum glass and 
their performance was monitored. Figure 1 
illustrates the “landscape” generated by these four 
different projects that were conducted between 
2014 and 2021. It needs to be mentioned that the 
generation of vacuum-glass equipped windows 
follows two different priorities depending on the 
application scenario: 

If the goal is the development of new windows 
employing vacuum glass, a “best performance 
paradigm” can be fully deployed. This means that, 
instead of equipping existing window constructions 
with a new glass product, the window construction 
can be fundamentally redesigned to the needs of 
the vacuum glass and targeting best performance in 
view of thermal performance (and of course other 
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performance domains). Moreover, this fundamental 
rethinking of transparent building components 
allows considering alternative operation/opening 
schemes as well as motorization and integration in 
building automation approaches. 

In contrast, if one targets the integration of 
vacuum glass in existing windows, the thermal 
performance still plays a large role, given that many 
older window constructions (e.g. casement 
windows) are considered as dissatisfactory 
regarding certain performance parameters (such as 
air tightness, U-value, etc.). However, the desire to 
generate best-performing windows needs to be 
balanced with aspects of visual appearance and 
fundamentals of monument/cultural heritage 
preservation and cityscape maintenance. As such, 
the challenge here is to improve the performance of 
the windows as much as possible with as little as 
possible change of the existing windows and 
avoidance of external effects, such as mould 
growth. The importance of this approach has to be 
emphasized today, as not alone the operational 
energy required for building conditioning is to be 
minimized, but also the life cycle performance (in 
view of circular economy aspects) can be improved 
with upkeep of existing windows that simply get a 
glass change. 
To be able to understand the challenges connected 
with the employment of vacuum glass in window 
constructions, it is important to understand the 
principles and constituents of vacuum glass 
products. Regularly, vacuum glass products 
encompass two parallel glass panes with a small 
interstitial space in between (regularly less than a 
millimetre). Along the perimeter of the glass panes 
the interstitial gap is closed with a vacuum/gas tight 
edge seal. To maintain the form after evacuation 
(which regularly is done via an evacuation opening 
that is later sealed with a getter, that is a reactive 

substance able to bind any left air particles) a grid 
of so-called distance pillars can be found in vacuum 
glazing products (grid interval 20 to 40 mm). The 
evacuation happens mainly via mechanic pumps 
and leads to a high vacuum state (pressure in the 
evacuated space about 10-6 Pa). Figure 2 illustrates 
terminology and constituents of vacuum glass 
products. A major challenge connected to the 
employment of vacuum glass in window 
constructions is to cover the thermal bridge effect 
along the perimeter. The perimeter, as well as the 
distance pillars (however to a far less extent) 
transport heat via conduction, while conduction 
and convection is widely eliminated in the vacuum 
gap. There, the remaining and prevailing heat 
transfer process is radiation. This explains why the 
Ug-value of even very slim vacuum glass products is 
rather low in contrast to other glass products. 
Figure 3 shows typical vacuum glass products. 
 
Figure 2: Schematics of constituents and terminology of 
vacuum glass products (and vacuum glass employment in 
window constructions). 

 
 
Figure 1: Landscape of vacuum-glass-equipped windows conducted by the authors between 2014 and 2021. 

 
  

 

 
 
Figure 3: Typical vacuum glass products. 

 
2. METHODOLOGY 

To achieve (new as well as historic) highly 
insulating vacuum glass windows, a multi-method 
approach had to be deployed, including skills and 
instruments from the domains of building 
construction, monument preservation, building 
physics and construction management / economics. 
The development efforts were in all projects 
conducted in iterative optimization slopes, which 
led to numerous drafts, CAD drawings, as well as 
thermal performance assessment of virtual an 
physical models. The input by engineers from major 
window building companies was a valuable asset, 
which in parallel to the work at the involved 
research institutions led to the continuous further 
development of different prototypes. Thereby, the 
perspective of realisation and feasibility were 
considered already in early stages of the efforts. 
Thermal performance of the windows was in part 
evaluated by numeric thermal simulation (old 
windows and new windows) as well as lab testing 
(also both old and new windows), and in part by 
monitoring original and updated windows on-site 
(historic casement windows). Indicators that have 
been considered pertaining to the thermal 
performance include the UWin-value, the fRsi-value, 
and the lowest indoor surface temperature θsi,min of 
the windows. Simulation was rigorously deployed as 
mean of iterative performance improvement within 
the design and construction processes. 

 
3. RESULTS & DISCUSSION 

As the description of the overall process and 
results cannot be conveniently described with the 
limited space of a research paper, the final reports 
of the projects shall be mentioned as resource for 
interested readers [2-5] (even if these are written in 
German language, graphical material on the one 
side and English summaries may allow to gain an 
overview).  
3.1 New windows designed for vacuum glazing 
employment. 

In the exploratory project, MOTIVE a large set of 
window constructions has been envisioned. All of 

these window designs were subjected to an 
extensive SWOT (strength-weakness-opportunities-
threats) analysis to evaluate their potential for 
vacuum glass integration. Thereby, the focus was 
not set solely onto vacuum glass integration, but 
also to redesign windows fundamentally in view of 
operability/opening schemes, construction / 
mounting effort, usability, motorisation, and 
integration into building automation systems. In the 
project FIVA the most promising four window 
designs were discussed and furtherly developed 
with major stakeholders of the window-building 
industry as well as with industrial partners from the 
component industry (i.e. seals and fittings). Via 
extensive deployment of numeric thermal bridge 
simulation instruments promising approaches 
toward excellent thermal performance (i.e. low 
UWin-values, avoidance of thermal bridges, high 
indoor surface temperatures) were iteratively 
improved. For all of these windows, motorization 
was foreseen, and the integration of sun shading 
devices was discussed and examined. The final four 
windows were constructed as fully functioning 
mock-ups and presented to the interested public 
audience and stakeholders of the building industry 
[6]. Figure 3 provides an overview about these four 
windows. All four of the windows have been 
subjected to an extensive evaluation during the 
development process. Moreover, questionnaires 
with interested domain experts but also with 
persons without domain knowledge have been 
conducted, which identified prototype A and D as 
the most promising prototypes for a broad-market 
rollout. Evaluation criteria in the questionnaire 
included architecture and aesthetics, contemporary 
nature of the design, level of innovation, aspects of 
technical realization, mounting, comfort in 
operation, and general acceptance of customers. 
Thereby, the degree of innovation of type D (offset-
sliding window, principle shown in detail in Figure 
4) was emphasized by the questionnaires, while 
some constraints were seen pertaining to mounting 
and technical aspects of the construction. Regarding 
type A, the level of innovation was not considered 
to be extraordinary, however in all other categories 
these windows received the best evaluation. It has 
to be underlined that all of the realized prototypes 
provided excellent UWin-values given that the 
construction was very slim and of limited weight 
due to the thin thickness and good thermal 
performance of the vacuum glass. If the utilized 
glass product would be supplemented with another 
glass pane U-values of contemporary, insulated 
opaque constructions are in gripping distance. 
However, such amendment would negatively 
influence both the appearance of the window and 
its low weight. 
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Figure 3: Four functional window prototypes employing a 
vacuum glass pane of 8 mm (Ug-value: 0.4 W.m-2.K-1) 
resulting in very low UWin-values. 
Type A: Turn window opening to the inside. 

UWin-value:  
0,71 W.m-2.K-1 

 

Type B: Turn window opening to the outside. 
 

UWin-value:  
0,66 W.m-2.K-1 

 

Type C: Swing window 
 

UWin-value:  
0,58 W.m-2.K-1 

 

Type D: Sliding window. 

UWin-value:  
0,55 W.m-2.K-1 

 

Figure 4: Operation principle of prototype D in horizontal 
section and as view. 

 
3.2. Historic windows improved with vacuum glass 
products.  

Regarding the existing windows optimization, 
the principle suitability of vacuum glass for 
casement window improvement both in simulation 

and via lab-testing has been proven in the 
exploratory project VIG-SYS-RENO. However, due to 
the limited extent of this project, only a limited 
number of casement window construction could be 
assessed in the efforts of this venture. Moreover, a 
monitoring-based proof of the approach in real 
construction and building settings had been 
missing. Toward this end, the recently conducted 
and finalized project VAMOS was designed to cover 
these shortcomings. A wide array of different 
casement window constructions has been selected, 
and all together demonstration sites (i.e. casement 
windows) at six different locations in Austria could 
be equipped with vacuum glass. The improved 
windows have been different in location (i.e. 
prevailing microclimate), framing construction, and 
surrounding wall material. Moreover, the windows 
have been equipped with different vacuum glass 
solutions. Figure 5 illustrates two of the monitored 
windows equipped with vacuum glass. The UWin-
values could be improved down to values around 
1.0 W.m-2.K-1 (which means 60% heat transmission 
reduction compared to the original state).  
Figure 5: Two of the vacuum-glass equipped casement 
windows used for on-site testing and monitoring. 

 

 
The UWin-value allows determining energy losses 

via windows for calculations or simulations 
targeting the overall energy performance of 
buildings. However, it does not provide any insight 
pertaining to risks of condensation or mould growth 
at the unavoidable thermal bridges. Given that in 
traditional constructions one major principle of new 
windows with vacuum glazing products regularly 
cannot be applied – namely the fulfilment of the 40 
mm glass edge cover length, other indicators are 

 

required to assess the mentioned risks, which 
determine acceptance of vacuum-glass based 
improvement of casement windows. Suitable 
assessment can be done via constant visual 
monitoring (is there condensation visible at large 
temperature spans between indoor and outdoor 
conditions?) and the measurement of key 
temperatures at critical points. One criteria for 
assessing the temperature of a (indoor) surface 
point at a specific position of the window 
construction in contrast to the temperature span is 
the f-value, e.g. documented in EN ISO 10211 [7]. 
Figure 6 illustrates f-values for original and vacuum-
improved casement windows. 

It can be clearly seen that the integration of 
vacuum glass in the outer and inner wing of the 
casement window can lift the f-value at the majority 
of spots (which had been at corners of frame/glass 
joints of outer and inner wing). While the 
application of the vacuum glass on the inner wing 
improves the f-values majorly on the inner side of 
the inner wing, the application of vacuum glass on 
the outer wing also improves critical points in the 
interstitial space. It has to be emphasized that 
based on the shown graph only general effect 
analysis can be conducted. A general 
recommendation on the application position of the 
vacuum glass cannot be derived from the examined 
case study windows and buildings. This has to do 
with the large diversity in window constructions 
and prevailing circumstances. Amongst the decision 
criteria, aside from the window position in the 
window niche and the casement material, the air 
tightness of both wings has to be critically reviewed 
to find the correct position. Needless to say, the 
construction planning requires domain knowledge 
by planners and craftspeople.  

The six case study demonstration sites did 
generally underline that the heat loss via the 
casement windows can be significantly lowered by 
vacuum glass application. Moreover, in 5 out of 6 
demo sites no issues with condensation could be 
found even in harsh Winter conditions. At one of 
the case study buildings issues with condensation 
and icing could be observed, however, the reason 
for these unwanted effects was due to erroneous 
seal application during the construction process. 
The architectural appearance of all of the case 
study windows could be maintained, aside from the 
distance pillars that – at certain daylight and 
artificial lighting situation – could be seen from 
inside and/or outside. The assessment of this 
“grid”-effect is rather marginal, however might be 
an issue for listed objects in heritage protection and 
has to be carefully considered in each case. 

4. CONCLUSION 
This contribution highlighted the approach and 

findings of R&D efforts toward vacuum-equipped 
windows. Two different approaches were followed:  

On the one hand the emerge of vacuum glass 
products was used as motivation to overthink the 
current practice of window construction 
fundamentally. Instead of integrating vacuum glass 
panes into existing window frame constructions, 
the moveable part of the window (wing) was 
constructed around the employed vacuum glass and 
thereby considered the technology specifications of 
such glazing products (such as sufficient edge seal 
cover). In contrast, the window frame was designed 
and constructed around the necessities of the 
specifications of the deployed fitting and 
motorization systems. Following this design 
principles, very attractive new windows could be 
realised as close-to-market functional prototypes 
that offer very low UWin-values at low weight and 
large format possibilities. 

On the other hand thermal improvement of 
historically meaningful window constructions could 
be successfully proven. The integration of vacuum 
glass in existing windows requires in-depth 
construction and building physics knowledge and 
evaluation to find ways of sustainable and damage-
free integration. UWin-values of casement windows 
could be lowered by 60% in comparison to original 
setups based on two float glass window planes 
(UWin-value – original: 2.5 W.m-2.K-1 [8], UWin-value 
improved: circa 1.0 – 1.1. W.m-2.K-1) 

If successfully, such windows could significantly 
reduce window-related energy losses and thus 
provide a valuable contribution to the global 
climate protection initiatives. 
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Figure 6:  f- value comparison for selected spots of high condensation/mold-growth risk in casement windows at four out of 
six demo-sites. 
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Endogenous constructions under abnormal conditions  
Taking two new rammed earth constructions in rural areas of 

Southwest China as examples 
 

LIU XIAOXUE ¹ WAN LI² CHI XINAN² 
 

¹ The Chinese University of Hong Kong 
 
ABSTRACT: In the context of industrialization and globalization, the unification of construction types in rural 
areas makes the area vulnerable to disasters and other abnormal social conditions.Referring to relevant theories 
and combining with practice, a new rammed earth construction mode under the framework of endogenous 
development has been selected. It can well combine the characteristics of rural areas, improve the resilience of 
the region and deal with many unexpected situations under abnormal conditions. 
In this paper, two practical cases of new rammed earth construction in rural areas of southwest China after 
earthquake disaster and during COVID-19 pandemic were introduced, and the role of endogenous development 
strategies in improving regional resilience was analyzed and discussed, as well as its positive significance to 
regional stability and sustainable development. It is expected to provide reference experiences and options for 
the integration of architecture with other social disciplines for endogenous sustainable rural development, using 
actual construction projects as examples. 
KEYWORDS:Endogenous development，Rural resilience，Rammed earth，Social suspension  
 

1. INTRODUCTION  
After the Industrial Revolution, industrial 

production was favored by the market due to its 
advantages of high efficiency and uniform quality, 
which gradually replaced traditional production and 
expanded from cities to rural areas.  

In the construction of houses, modern 
construction techniques using reinforced concrete 
and brick are also rapidly gaining ground. 

 In rural China, The vast majority of folk 
construction techniques that have not been improved 
and upgraded cannot meet safety requirements 
according to the government's standards for poverty 
eradication and reconstruction. [1] These codes 
encourage the attempt of various technologies and 
materials, but there are no specific technical rules 
and guidance yet.[2] Therefore, almost new buildings 
are constructed using industrial materials such as 
brick concrete structure in rural areas, the proportion 
of minority building structures and materials 
decreased year by year(Fig. 1). [3,4] 

 
Figure 1: Proportion of rural housing structure in China. 

While large-scale industrialization has raised the 
material standards of people's lives, it has also 
squeezed out the space for the survival and 
development of traditional manufacturing industries, 
and even caused the disruption of the transmission of 
some production skills. The gradual   of production 
patterns has led to an increased dependence of 
society on the overall system and a reduction in its 
resilience to withstand severe disasters. After 

realizing the risks brought by globalization, a 
systematic study was formed on "Risk Society" and 
"Reflexive Modernity". [5] At the same period, a 
Development response strategy of "Endogenous 
Development" was proposed. [6] Compared with 
cities, rural areas have natural resource advantages 
and is more suitable for endogenous development. 
[7]  

In this paper, two practical cases of novel 
rammed earth construction in rural areas of 
southwest China after earthquake disaster and during 
COVID-19 pandemic were introduced. 
 
2. LITERATURE REVIEW  
2.1  Endogenous Development in Rural Areas 

The concept of endogenous development was 
first put forward by UNESCO in 1988. [6] It is a new 
development paradigm suitable for rural areas which 
is promoted and participated by the interior of the 
development region, make full use of the strength 
and resources of the development region. [7] The 
comparison of old and new differences is shown in 
the table1. 
Table 1: The comparison of old and new differences 

Modernization paradigm New rural  paradigm 
Inward investment Endogenous development 
Top-down planning Bottom-up innovation 
Sectoral modernization Territorially based 

 integrated development 
Financial capital Social capital 
Exploitation and control 
of nature 

Sustainable development 

Transport infrastructure Information infrastructure 
Production Consumption 
Industrialization Small-scale niche industries 
Social modernization Valorization of tradition 
Convergence Local embeddedness 

 

 

The development strategy can make the regional 
development more dynamic and sustainable, and the 
production activities within the region have stronger 
resilience due to autonomy.   [8] 
 
2.2 Resilience of Society 

Society resilience is about cultivating the 
capacity to sustain development in the face of 
expected and surprising change and diverse pathways 
of development and potential thresholds between 
them. Resilience can be assessed in two ways: 1. 
Proportion and ability to return to the original state 
after a disturbance；2. Ability to be resilient to 
change and control it to maintain stability [9] 

Recently, "resilient city" has been proposed and 
received a lot of attention. It also has certain 
reference value in rural areas. It has the following 
properties:[9] 
▪ Robustness: The ability of a city to resist 

disasters. Reduce the economic, social, human, 
material and other losses of cities caused by 
disasters; 

▪ Rapidity: The ability to recover quickly after a 
disaster. The city can recover to a certain level of 
function in a short period of time after the 
disaster; 

▪ Redundancy: The key functional facilities in the 
city should have certain spare modules. When a 
disaster occurs suddenly and the function of 
some facilities is damaged, the spare modules 
can be replenished in time, so that the entire 
system can still play a certain level of functions 
without being completely paralyzed; 

▪ Resourcefulness: having basic disaster relief 
resource reserves and the ability to reasonably 
allocate resources. It can optimize decision-
making and maximize resource benefits under 
limited resources; 

▪ Adaptability: Cities can learn from past disasters 
and accidents, thereby improving their ability to 
adapt to disasters. 

 
2.3 Present Situation of Rural China 

By 2020, China will have achieved the total 
elimination of poverty among the rural poor under 
the current standards, eliminating absolute poverty 
and overall regional poverty [10]. Rural revitalization 
is the focus of China's work in the next stage after 
comprehensive poverty alleviation.       

 "Poverty alleviation" is only a solution to the 
most basic problem of survival guarantee [10], while 
the regional development characteristics caused by 
the special geographical environment in rural areas of 
southwest China still exist: [11]   
▪ The physical and geographical conditions are 

poor, the settlements are scattered and the 
population density is low, and the transportation 
conditions are generally poor . 

▪ The operation level of the rural social and 
economic system is low, young and middle-aged 
labor force mostly go out to earn money to make 
a living, resulting in serious hollowing out of 
villages.  

▪ Relatively poor subjects are characterised by a 
low level of education, a weak capacity for self-
actualisation, and a lack of self-identity and self-
confidence. 
Because of this, many of today's policies do not 

adequately consider the remote rural areas of the 
southwest and are not widely adaptable. A single 
model of modernised rural development is no longer 
appropriate for the poorer rural areas of the South 
West. 
 
2.4 Rural new rammed earth construction 

The new rammed earth construction technology 
is improved on the basis of the traditional rammed 
earth technology by using modern mechanical 
technology. By enhancing the density of the wall, it 
can meet the safety requirements. It combines the 
original characteristics of being able to take materials 
from the local area and being recyclable, energy 
saving and environmental protection in line with the 
requirements of sustainable development; at the 
same time the earth wall has good thermal stability 
and good thermal insulation performance. With the 
'3Ls' (local materials, local technology, and local 
labour) as its guiding strategy, the '1U1V' project has 
undertaken a number of new rammed earth 
construction demonstration projects in relatively 
poor rural areas of southwest China. [12]   
 
3. CASE STUDY A: POST-EARTHQUAKE 
RECONSTRUCTION OF GUANGMING VILLAGE 
3.1 Earthquake damage 

In 2014, a 6.5 magnitude earthquake struck 
Ludian County, Yunnan Province，at a depth of 12 
kilometres. The people's government of Ludian 
County reported that almost all rural houses in the 
whole region have been seriously damaged. Among 
them, 80% of the houses collapsed due to the 
earthquake were traditional rammed earth houses of 
adobe construction [13], which not only caused 
damage to property but also took the lives and health 
of some of the inhabitants. This has led to a loss of 
confidence in, and even fear and resistance to, 
traditional rammed earth buildings, and almost 
always a preference for modern building types when 
rebuilding. However, due to economic and technical 
constraints, the brick and mortar structure, with 
reinforced concrete cast-in-place frames as the load-
bearing structure and red bricks or hollow bricks as 
the main wall filling material, has become the only 
choice for most people. 

The post-quake reconstruction project is located 
in Guangming Village, Longtoushan Township, close 
to the epicentre of the earthquake. As a result of the 
earthquake, local social and productive operations 
were hit hard, and the dramatic increase in demand 
for the reconstruction of farm buildings caused a 
serious supply shortage of industrial construction 
materials and labour in the area. Under such a 
background, the cost of conventional house-building 
strategies rose sharply, far beyond the means of 
villagers, and demand outstripped supply. The ability 
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of villages and villagers to heal after major disasters is 
thus weakened and recovery time is lengthened.[14]  

 
3.2 Demonstration Project of Guangming Village 

The team entered the village of Guangming 2 
months after the earthquake and selected two homes 
to serve as demonstrations of the new rammed earth 
construction model. Detailed project information can 
be found in the table.2 [14] 

 

Figure 2: First floor plan and second floor plan of 
demonstration 1 

 
Figure3: First floor plan and second floor plan of 

demonstration 2 
 
 

Table 2:Construction details 
  Rammed earth demonstration 1 Rammed earth demonstration 2 Other building 

Year 2015 2016 2015-2016 
Structure type Rammed earth wall bearing + steel and concrete floor slab ring beam 

structure 
brick-concrete construction 

Roof  Sloping roof with thermal insulation construction layer Cement flat roof 
construction 
organization 

Self-built by villagers Construction team contract 
system 

  
Table 3: Comparative analysis of constructions 
 Rammed earth demonstration  Other building 
Costs  Labour: 60% 

Building materials: 40% 
Labour: 50% 
Building materials: 50% 

Labour Skilled labour (Formwork): 33.33% 
Unskilled labour (Mixing, transporting materials, 
ramming walls): 66.67% 

Skilled Worker (Formwork, Walling): 66.67% 
Unskilled labour (mixing and transporting materials): 
33.33%    

Resource 
required 

Adequate (Earth): 15.6% 
Average (Unskilled labour): 39.6% 
Shortage (Skilled labour, commercial building materials): 
44.8% 

Adequate: 0% 
Average (unskilled labour): 16.5% 
Shortage (skilled labour, commercial building 
materials): 83.5% 

Capital 
Flow 

Local: 65.2% 
External: 34.8% 

Local: 16.5% 
External: 83.5% 

 

Figure 4: cost comparison between demonstration and 
other constructions （$） 

The demonstration case shows better stability 
through comparative analysis with conventional 
construction. 

1/ construction costs for both types of buildings 
increased in 2016 compared to the previous year,and 
the growth of the new paradigm is smaller. 

2/ As the main building material used in rammed 
earth construction (soil) can be sourced locally ,the 
cost of rammed earth construction is 29-42.9$ per 
square metre less than conventional construction of 
the same period. 

3/ The rammed earth construction technique is 
simple, requiring less skilled labour than conventional 
construction, and is less exclusive and more inclusive. 

4/ Of the resources required to build a house, 
rammed earth construction requires only 44.8% of 
the scarce, irreplaceable resources, compared to 
83.5% for conventional construction. Therefore, the 
price increase for conventional construction (42.6$) is 
greater than that for rammed earth construction (29$) 
and is more volatile due to market influences. 

5/ A greater proportion of the money from the 
rammed earth building process stays in the region 
and continues to participate in the region's economic 
cycle. 
 
4. CASE STUDY B: CONSTRUCTION OF MALONG 
VILLAGE DURING THE COVID-19 EPIDEMIC  
4.1  COVID-19 And Rural China 

The COVID-19 that broke out in late 2019 swept 
the world. Mainland China has largely contained this 
major local public health event 2 months after the 
outbreak and has shifted to a post-pandemic period 
with the dynamic zero COVID-19 strategy.[15]In the 
post pandemic period (as of the completion of the 
article), any production activities need to make way 

 

 

for the COVID-19 control, so the whole society has 
increased a lot of uncertainty than before. 

The village has always been the most basic unit 
of governance. Its social structure is based on blood, 
kinship and local ties, creating a society of 
"acquaintances" with a simple demographic 
composition[16] which facilitates the detection and 
control of epidemics. In times of recurring epidemics, 
by cutting off access roads, a "large quarantine, small 
circulation" defence circle can be formed and social 
production activities within the region can be 

guaranteed to function normally. At present, many 
sociological studies and analyses have pointed out 
that a greater proportion of self-sufficiency in rural 
areas has largely reduced the impact of the epidemic 
and control measures, but most of them remain in 
the regional supply self circulation of daily 
consumables.[18] 

Theoretically，the changes around construction 
brought about by the COVID-19 pandemic in rural 
areas can be tackled with the new paradigm: 

Table 4: Changes around construction brought about by the COVID-19 pandemic and  the new paradigm 
The impact of the epidemic and 
containment measures 

Conventional construction Rammed earth construction 

Reduced movement of people and lower 
circulation of materials 

External materials and 
technicians 

Local materials, local labour as the 
mainstay 

The situation is fluid and unpredictable There are construction beats 
and time costs 

Flexible construction schedule to 
accommodate other production 

External work stoppage and reduction in 
production, surplus rural labour 

Buy materials and services Self-sufficiency, internal circulation 
 
4.2 Demonstration Project of  Malong 
4.2.1 Project and Farmer Information 

The Malong Rammed Earth Demonstration 
Project is located in an ancient village protected by 
national policies in Miyi County, Panzhihua City, 
Sichuan Province. Its regional characteristics are 
universal in the rural areas of Southwest China: 
▪ The transportation is inconvenient. The 

construction site is located in a mountainous area 
with narrow roads. The straight-line distance from 
the county seat is 23.5km, the distance is 66km, 
and the drive is 1h45min. 

▪ Abundant in natural resources and lack of 
industrial products. Due to the limitation of 
transportation distance, the local industrial 
products are less in quantity and higher in price. 
In particular, most industrial building materials 
need to be purchased in the county seat. Taking 
steel as an example, the final use cost is 
110%~120% of the purchase price of the county 
seat. 

▪ Single means of livelihood and labor outflow. 
The local traditional industry is mainly fruit and 
vegetable cultivation. The government is 
developing and encouraging tourism to gradually 
attract foreign-exchange laborers to return to 
their hometowns for employment. 

The construction of the project is an economical 
house for three families (the three heads of 
households are siblings). The household information is 
shown in the table below: 
Table 5: The household information 

Families ( Age) Situation 
Father (58) + Son 
(32) 

The fathers of the two families 
basically lost their labor force and 
were widowed  divorced due to 
illness and divorced; The sons used 
to go out to work, but are currently 
unemployed and unmarried. 

Father (55) + Son 
(32) 

Husband (45) 
Wife (35) + 
Daughter (12) + 
Son (5) 

The whole family works and goes to 
school, hoping to return home to 
earn a living. 

 
The current demographic structure of this extended 

family is relatively common and representative in rural 
China: 
▪ The family demographic structure is unstable. In 

rural areas, there has long been a lot of manual 
labor and the phenomenon of "preference to 
women" is serious. Women have little living space 
and low social status in rural areas. Rural women 
will move to cities on their own when conditions 
permit. Therefore, the older generation cannot 
retain women, and the younger generation 
cannot attract women. The younger generation 
has to choose between going out to earn a living 
and taking care of the family. 

▪ Long-term shortage of labor force, period surplus. 
Due to the shutdown of industries and the 
uncertainty of the future of the epidemic, some of 
the labors who would otherwise have gone to 
work were left behind in the local countryside, 
creating a surplus of labour. This is the case with 
the 2 young men of the family who are now out of 
work. 

 
4.2.2 Residential Design 

The design of the house follows the order of 
importance of safety, economy, comfort and 
aesthetics. The residence is a 2-story building with two 
entrances, shared by three households.  (The kitchen 
is unified and built separately) 

In terms of appearance, the sloping roof design of 
this household complies with thetraditional village 
protection code and meets the waterproofing of raw 
soil buildings. In order to prevent the old-fashioned 
earth walls from being weathered and eroded, and to 
unify the architectural style, all buildings in Malong 
need to spray a layer of real stone paint (about 21.4  
$/㎡) on the outer walls. The new paradigm's own 
strength, durability, and aesthetics have all met the 
requirements, so no further treatment is required. 

 
Picture 1:Malong project 
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Figure 5: First floor plan of Malong project 

 
Figure 6: Second floor plan of Malong project 

 
 

4.2.3 Construction 
The project adopts the construction model of 

"university-guided technology + farmer-organized 
construction + employment of local odd workers". It is 
mainly sent by our university research team to send 
two master craftsmen who are proficient in this 
technology to train and guide on-site. According to the 
progress and requirements of the foundation 
construction of the household head, we can flexibly 
hire the required labor force locally to participate in 
the construction. 
▪ The project will start in November 2021 and be 

completed in February the following year. The 
area and the entire construction process were not 
directly impacted by the pandemic, but were also 
affected to varying degrees in many aspects: 

▪ The labor force is tense at stages, and the 
personnel are not fixed. The pandemic has caused 
the import of fruits and vegetables to be blocked. 
The fruit and vegetable industry in Miyi County 
has experienced a surge in prices (in the case of 
tomatoes, the price is 4 to 7 times that of the 
same period last year), which indirectly leads to a 
large flow of labor to fruit and vegetable planting 
and harvesting positions. Labor prices on 
construction sites are rising and personnel are 
unstable. 

▪ Inflation led to rising prices of labor and building 
materials. The local construction labor wages in 
the past three years obtained after the interview 
and survey show that the labor wages have 
increased year by year, and the wages of foreign 
workers are higher than those of the same type of 
work in the same period. 

In this situation, the application of "high science and 
low technology" with the participation of universities 
and the advantages of using local materials and local 
labor are becoming more and more prominent. 

 
4.2.3 Comparative Analysis 

The actual data generated during the construction 
of the project are recorded truthfully: 

 
Table 6: Quantity and cost of construction 

Details Quantity Price 
 Building 
materials 

Processing materials 6.14t 10145 $  
Natural materials 355.7t 5821   $ 

 Labor Skilled worker 138  6357   $ 
Unskilled worker 345  7885   $ 

Tool and equipment damage ($) 628   $ 
Total cost ($) 30838  $ 

Combining the interviews with the construction 
workers and the material market at that time, we 
calculated the cost of the same design scheme, the 
same structure type (wall load-bearing), and different 
types of walls (section of wall，beam，floor) for 
analysis and research: 

 
Table 7: Comparison of three type of walls 
Wall type Hollow 

brick wall 
200mm  

Red brick 
wall 
240mm 

Rammed 
earth wall 
350mm  

Cost   $ 
(Material:Labor) 

11994 
(1:1.69) 

13525 
(1:1.14) 

11131 
(1:2.68) 

Material    
(natural:processed) 

91.75 t 
(1:0.3) 

197.39t 
(1:2.1) 

345.63t 
(1:0.18) 

Labor   people 
(Skilled:Unskilled) 

220 
(1:1.8) 

235 
(1:1.9) 

254 
(1:4.5) 

Seismic safety  Poor Medium Good 
Thermal resistance 0.25 K/W 0.3 K/W 0.5 K/W 
(If exterior wall spraying is considered, the cost of brick 
houses will be increased by 5000 $) 

From the above table7, it can be get： 
    1/ This new paradigm obtains a safer and more 
comfortable living building at a lower cost than 
conventional ones. 

2/ larger percentage of money is being paid to 
people rather than being used to purchase foreign 
materials, which enhances the economic vitality of the 
region. 

3/  The use of a larger proportion of native natural 
materials, which saves costs and reduces the energy 
consumption of the construction process. 

4/  A larger proportion of labor wages are paid to 
non-technical employees, allowing more local ordinary 
people to participate. 
 
5. CONCLUSION 

The five indicators of resilience are used to analyze 
the construction mode: 
▪ Robustness: Scientific structure improves the 

structural strength of buildings and pre reduces 
the damage to people's lives and property caused 
by natural disasters. 

 

 

▪ Rapidity: Local personnel and materials can 
respond quickly by themselves after trauma. 

▪ Redundancy: Low technical requirements and 
easy operation reduce the threshold of 
construction, so that many idle manpower and 
material resources can be converted into 
buildings. 

▪ Resourcefulness: The local materials, 
technologies and labor are abundant and 
replaceable resources in abnormal times. 

▪ Adaptability: The relatively abundant labor, 
materials and technologies make the construction 
highly adaptable and flexible, and reduce the 
opportunity cost. 

The Guangming Village project demonstrates the 
advantages of return rate after major trauma; the 
Malong Village project demonstrates the advantages 
of elasticity and stability in the abnormal period of 

society. The two paradigms under the background of 
different social conditions are concrete examples of 
construction that meet the requirements of the 
Endogenous development model (Figure 7). Both 
projects address and respond to the characteristics 
and difficulties caused by the special period of rural 
areas in southwest China, and improve the resilience 
of the area in terms of construction. 

Indeed, the slight participation of research  
institution played an indispensable and important role 
in the early stage of these projects, but after a short 
period of learning and adaptation, the village can 
operate this model independently. 

Figure 7: Action mechanism between endogenous development & resilience & rural problems
ACKNOWLEDGEMENTS 

Thank Chan Cheung Mun Chung Charitable Fund 
Ltd for the financial support . 
 
REFERENCES  

 Ministry of Construction of the PRC. Code for seismic 
design of buildings[M]. GB  50011-2001. Beijing:China 
Architecture& Building Press , 2008.

  Basic safety technical guidelines for reconstruction of 
dilapidated buildings in rural areas, [Online], Available: 

[25 March 2018].
3. Main data bulletin of the second national agricultural 
census (No. 4), [Online], Available:  http: // www. 
stats.gov.cn/tjsj/tjgb/nypcgb/qgnypcgb/200802/t20080226
_30464. html.[26 February 2008]. 
4. Main data bulletin of the third National Agricultural 
Census (No. 4), [Online], Available: http: //www. stats. 
gov.cn/tjsj/tjgb/nypcgb/qgnypcgb/201712/t20171215_156
3634. html. 
5. Beck U. World risk society: in search of the lost 
security[M]. ISBN: 9780745622217. Polity Press, 
1999.10.01. 
6.  UNESCO ． Endogenous development strategy 
[M]．Beijing：Social Sciences Literature Press，1988：1． 
7. Philip Thornton. Born from within: Practice and 
perspectives of endogenous rural development[J]. 
Agricultural Systems,1997,53(1): 

8. Chi Xinnan，Wan Li，Ng Edward.Study On Architectural 
Strategy Based On Sustainable Development In Rural Areas 
Of Southwest China[J].Architectural Journal,2014(S2):55-59. 
9. Folke C. Resilience[J]. Ecology and Society, Dec 2016, Vol. 
21(No. 4). 
10. China's poverty alleviation campaign creates "human 
miracles" and "two worries and three guarantees" are fully 
realized ．[Online], Available: http:// www. chinatoday. 
com.cn/zw2018/rdzt/2021lh/pl/202103/t20210302_80023
7772.html  
11. Liang Ping. A study on anti-poverty in western rural 
areas in the new stage[D]. Chongqing ： Southwest 
University of China，2009：64-66. 
12. Wan Li，Chi Xinnan，Ng Edward，University—based 
rural sustainable development assistance strategies [C] The 
University of Sheffield·Architecture and Resilience On the 
Human Scale，2015 
13. Zhang Yongsheng. Earthquake resistance survey of post 
disaster buildings [N]Beijing News，2014.8.11 
14. Wan Li, Ng Edward，Chi Xinnan，Post-earthquake 
reconstruction demonstration project of Guangming village 
[J].AT,2017(08):24-29. 
15. Correct epidemic prevention and control strategy, 
[Online], Available: https: // baijiahao. baidu. com/s?id 
=1659777281949255431&wfr=spider&for=pc 
16. Xiaotong F. From the Soil: the Foundations of Chinese 
Society[M]. ISBN：3002-253. HongKong:Joint Publishing , 
1985.6. 



CHALLEN
G

ES FO
R DEVELO

PIN
G

 CO
UN

TRIES

CHALLEN
G

ES FO
R DEVELO

PIN
G

 CO
UN

TRIES

W
ILL C

ITIES SU
RV

IV
E?

W
ILL C

ITIES SU
RV

IV
E?

1094 1095

PLEA SANTIAGO 2022 
Wil l  C i ti es  Surv iv e?  

 

Ethics of a brick 
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ABSTRACT: Architecture has among its goals, to ensure the health, safety and wellbeing of society. Inevitably in 
this quest, we will be faced with ethical decisions as part of the process of making architecture. In some cases, 
these values are enshrined in the architectural codes of conduct, although these are largely geared to the 
production of architecture with an emphasis on the client as the customer, the purchaser of the architects’ services. 
Often little attention is paid to the back casting and the processes that lead up to these decisions. As we debate 
global issues of sustainability, the very essence of the design and construction of buildings comes into question – 
the brick, the essence of most construction in Uganda, thus becomes a symbol of this discourse. The Brick 
encapsulates several ethical positions, not only ecological and economic aspects of sustainability, but just as 
important, the social issues completing the triple bottom line. In its physical form and as a metaphor, the brick can 
be viewed as encapsulating various ethical positions. This paper looks at the common wood fired brick and how 
understanding its manufacturing process may cause us to view it in a different light. 
KEYWORDS: Ethical Considerations, Uganda; Embodied Energy; Social Cultural Settings; Wood Fired Brick 
 
 

1. INTRODUCTION 
Discourse on the sustainability of buildings has 

grown exponentially over the past half century, 
incorporated discussions and research on materials, 
construction, in-use energy consumption, end of life 
reuse, recycling, and disposal. Significant in these 
explorations has been the foregrounding of technical 
processes as a means to resolve some of the 
challenges arising in the construction of buildings. 
While there is no denying the value of these 
explorations, and the need to improve the processes 
that form the basis of building construction and their 
impact on the sustainability of architecture, what is 
often lacking is the link to activities that underly 
architectural designs. This is pertinent when we 
consider that buildings in many parts of the world 
could be described as ‘hand-made-buildings’, for 
which human labour forms a significant component 
of the construction process. 

We often forget that buildings incorporate a 
significant component of human labour, from the 
role of the designer, through to the team that 
assembles the various components or modules on 
site. There is increasing talk about the reduction of 
this component in the construction of buildings, in 
order to make construction efficient, and ‘cost 
effective’. This is the rationale for the development 
of 3D printed dwellings, taunted as a way to meet 
the housing deficit across the world by spreading up 

the process through the reduction of labour. It is 
acknowledged that across sub-Saharan Africa the 
housing deficit is estimated at over 50 million units 
in 2014 [1], and there is pressure to meet this 
demand. This figure is daunting, more so considering 
the potential impact on global carbon emissions and 
the ability to achieve global emission targets, given 
that across much of sub-Saharan Africa, the 
predominant material for housing construction is the 
fired clay brick, a ubiquitous module that gained 
favour over the past century, with a manufacturing 
process based on the burning of timber derived 
largely from old growth forests. 

It has been possible to map the steps in the 
manufacture of these bricks and to ascertain the 
associated embodied energy of this material [2], 
what did emerge from these investigations was the 
stark reality of the challenges associated with the 
manufacture of these bricks. This goes far deeper 
than environmental degradation, emissions targets 
and the associated environmental heroism that 
stems from calls to ban the production of fired clay 
bricks, to be immediately replaced by an alternative. 

Often lacking in such discussions is the human 
factor, relegated to the background, despite being 
an ever-present part of the entire manufacturing 
process. Nowhere is this more apparent than in the 
increasing promotion of technical solutions to the 
housing crisis in sub-Saharan Africa, as though this is 

 

the key challenge that is faced by the population. 
However, when considering sustainability beyond 
technical solutions, we may have to consider our 
ethical responsibilities and associated values, in this 
case ethical positions that are inclusive of the makers 
of these handmade bricks. 

Ethical positions and values are believed to be 
inherent within the architecture profession, 
embedded within professional codes of conduct. 
However, we can reflect on a position by Jeremy Till 
who noted that, “[P]rofessional codes of conducts 
are an example of phony ethics: these are not ethical 
guidelines, they are principles for relating to the 
client”[3]. Similar sentiments are expressed by Chris 
Brown in an interview with Froud and Harriss [4], and 
more recently by Roberts [5]. This is significant 
considering the need for transition towards 
sustainable architecture solutions to address the 
climate emergency. Negating our ethical 
responsibilities beyond the client may not be the 
best approach and does suggest that our ethical 
responsibility should extend well beyond the narrow 
scope of the client to encompass society and the 
environment. 

Any investigation of architecture and its material 
components is incomplete without explicit 
engagement with the social, economic and cultural 
activities that surround their production. Indeed, as 
suggested by Last [6], “[a] focus on pure, matter-less’ 
social relations, … leaves humans with an inflated 
self-perception and an exclusive interest in means 
(wealth, power) rather than long-term ends (greater 
good).” To counter this prospect, Last suggests we 
engage with the idea of ‘Creative Attention’ or the 
idea of paying attention to what is not immediately 
apparent or obvious, and by extension implies “… 
‘unlearning’ social norms and becoming attuned to 
the level of matter or ‘necessity’”[6]. 

Addressing this contextual question, we consider 
sustainability inclusive of social-cultural issues, 
explored through an ubiquitous construction module 
across much of sub-Saharan Africa, the humble fire 
clay brick. For this study, we will be concerned with 
Eastern Africa, where the described processes are 
found. The investigation looks at the vibrant but 
undocumented artisan processes of informal brick 
manufacturing which constitutes a significant 
majority of brick manufacturing [7]. 
 
2. HISTORY OF BRICK IN UGANDA 

Christian missionaries first introduced brick to 
Uganda at the turn of the 19th century. Use of brick 
distinguished their construction efforts from 
vernacular buildings which made use of perishable 
materials, often succumbing to fires, termites, and 
the elements. The use of fired-clay brick provided a 
degree of permanence, with the completion of St. 

Peter’s Anglican Cathedral, Namirembe, Kampala 
(1919), and St. Mary’s Catholic Cathedral, Rubaga, 
Kampala (1925) standing testament to their early 
endeavours. It was the scale and magnificence of 
these radically different buildings that forever 
cementing the humble brick as the material of choice 
for construction in Uganda. 

The value of these projects in developing a brick 
building tradition is undeniable and seen in the 
formal (and informal) brick kilns that have emerged 
over the years, supporting a developing craft based 
around the brick module. Bricks have been used 
extensively for the construction of numerous 
buildings ever since, although concrete and concrete 
block became an alternative, particularly after the 
commissioning of the Tororo Cement Factory in 
eastern Uganda after the Second World War to 
supply cement for the construction of the Owen Falls 
Dam on the River Nile at Jinja. 

From the mid-1990s a major construction boom 
has seen a rapid increase in the brick manufacturing 
industry, taking advantage of improvements in the 
local economy. A combination of a lack of capacity in 
the formal brick manufacturers, as well as various 
socio-economic challenges following years of civil 
war served to bolster the informal brick 
manufacturing to meet the growing demand for 
bricks that could not be met by the few formal kilns 
spread around the country. 

The domination of brick is seen in the most 
recent census data, which indicated that more than 
67% of the total housing stock (61% in rural areas, 
and 81% in urban areas) are constructed using some 
form of brick [8]. The fired clay brick is the most 
common version, made in scove kilns that are an 
ever-present and dominant feature across the urban 
and rural landscape (See Figure 1). 

 

 
Figure 1: Scove Kilns, Central Uganda (Authors) 

 
The ubiquity of suitable soils for brick making, 

ranging from heavy clays readily available in 
wetlands, to laterite soils with a high clay content, 
found virtually everywhere has contributed to the 
proliferation of scove kiln, fired using timber felled 
from old-growth hardwood forests. The desirability 
of brick as a building material is linked to its prestige 
status in comparison to perishable materials like 
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thatch, reeds, and wood. The fact that it is easy to 
come by, and easy to use relative to concrete block 
or other contemporary building materials, adds to its 
appeal. Significantly, it can be made relatively 
cheaply anywhere, by anyone with time and muscle. 
It is for this reason that the relative value of the brick 
becomes an important area for investigation. 

The lack of legal enforcement of regulations, a 
consequence of years of economic and political 
turmoil, has contributed to the growth of this 
unregulated industry. While this would seem an easy 
and quick fix, the reality is much more complex. A 
large proportion of brick makers are informal sector 
artisans. For this reason, their labour and work 
conditions often go undocumented. While it is 
possible to capture some aspects of their 
endeavours in typical environmental performance 
analysis models, some intricate details may not 
necessarily feature. The often-hidden realities of the 
artisans’ lives is somewhat hidden within the 
broader discussion of global issues and technological 
solutions. 

 
3. UNLOADING THE BRICKS 

Looking to review the nature of the informal 
sector brick industry, this study was undertaken in 
conjunction with brick makers in and around Nkozi, 
Mpigi District in the central region of Uganda. 
Through a detailed monitoring and evaluation 
process, the study sought to learn about the 
activities of the brick makers, part of a broader study 
investigating the brick making process and the 
activities of the brick artisans. This was to provide a 
holistic view of the manufacturing and firing 
processes and the lives of the brick makers as a 
means of interrogating some of the ethical issues 
associated with the making and choice to specify, or 
even condemn these bricks. 

Working with the artisans, it was possible to 
uncover the often-hidden realities associated with 
this industry. These realities were made particularly 
apparent during the lockdowns imposed in response 
to the COVID-19 pandemic in 2020. This brought 
home the complexities of life for many people across 
sub-Saharan Africa and Uganda in this case. We took 
this opportunity to reflect on this reality, building on 
a previous study undertaken as part of the project 
Energy and Low-Income Tropical Housing (ELITH) 
project that among many activities, explored 
embodied and operational energy in buildings in East 
Africa. 

Documenting the brick making process was an 
important step in understanding the value of brick, 
beyond its monetary and constructional value. While 
the initial focus of the study was to do with the 
technical aspects of bricks, the stories that emerged 
from our interactions with some of the brick makers 

revealed an aspect of construction that is largely 
hidden from mainstream discourse. Concern often 
does not interrogate how the bricks are made, by 
whom and why? A review of the literature revealed 
a study by Aniyikaiye et al. [9] that investigated the 
process of traditional brick making in South Africa, 
and one of the few studies to investigate the socio-
economic and environmental impacts of brick 
making in sub-Saharan Africa. The study did give an 
indication of some of the unseen elements, such as 
the age and gender of workers, work hours, 
education status and health. While not all of these 
were collected for the current study, there was 
discussion around some of these topics as part of the 
on-site interactions with the brick makers. 

Information was collected from seven kilns across 
three sites, with scove kiln sizes ranging from 7,000 
to 20,000 bricks. Brick manufacturing in this location 
was largely undertaken in wetlands, close to the 
source of the raw material as all the work is 
undertaken using human labour (apart from the 
transporting of firewood to the kilns). 

 

 
Figure 2: Wetlands Exploitation, Central Uganda (Authors) 

 
As part of the investigation, each stage of the 

brick making process was meticulously documented, 
recording the source of the raw materials, time taken 
to mould the bricks, source of wood fuel for the firing 
process, through to an investigation of the 
mechanical properties of the final product (this will 
not be covered in this paper). A key factor was the 
need to engage the artisans in the local dialect, a 
means of building trust and ensuring they were 
comfortable in discussing their activities. Gaining 
trust was critical in ensuring the validity of collected 
data, given a general mistrust of authorities. 

 
 

3.1 Brick Making 
The process starts by identifying a good location 

with available raw materials; preferably clay-based 
soils (in this case found in wetlands) or in some cases 
heavy laterite soils locally known as Murrum. Use of 

 

the latter brings brick manufacturers into 
competition with farmers, as deep laterite soils are 
invaluable for subsistence farming. Three types of 
clays (alumino-silicates) were found within the study 
area: Grey clays; Yellow clays, and; Red clays. The 
brick making was always close to the source of 
materials, a means to eliminate the need to 
transport raw materials, understandable as virtually 
all work is undertaken by hand. Plots are leased for a 
nominal fee of UGX100,000 to 200,000 for each kiln, 
depending on the site (€26 to €52). 

Material is excavated or dug out using hoes, 
mixed by hand or with hoes before being transferred 
into a wooden mould. Where Murrum is used, water 
is added to make it malleable. Each brick maker 
works with a single mould and is able to make 
approximately 250 - 300 bricks per day, working on 
average 10 hours per day. The moulded bricks, which 
are fairly wet, are tipped out onto grass-covered 
ground, and left to dry for one or two weeks, 
depending on the season. Bricks are then stacked 
and left to cure for another two to four weeks. 
Curing times were largely dependent on weather 
conditions (largely related to rain). 
 
3.2 Firing Process 

Two to three people undertook assembly of the 
scove kilns. Experienced stackers complete this task 
within a day, including plastering of the outer surface 
with a clay slurry in preparation for firing. The 
average kiln size was about 2.4 x 3.0 metres at the 
base, with a height of about three metres, containing 
approximately 13,500 bricks. It was observed that 
bricks were stacked tightly in each kiln, making 
conductive heat transfer the only real means of 
heating the bricks. The firing process generally 
started early evening, with two to three people 
working to keep the fire blazing through the night 
and into the next day. Keeping the kilns burning 
through night, involved stationing two men at the 
kilns with food and drink and a lot of wood fuel. The 
initial wildfire slowly tempers to glowing high 
temperature fire that was continually fed with new 
firewood to keep the heat consistent. The timing 
varies depending on weather conditions and the 
nature of the clays used. Brick makers reporting that 
bricks derived from grey clays required more time 
and fuel wood, and red clays the least. Kilns are only 
disassembled when a buyer was found. In most 
cases, kilns were only fired as and when bricks were 
needed (fired to order), and not as a speculative 
endeavour. 

The source of the wood fuel is one of the more 
contentious elements of the brick making process 
(beyond the destruction of the wetlands). While 
formal brick manufactures often make use of 
agricultural waste (coffee and rice husks) to fire their 

kilns, informal artisans rely on wood fuel, - largely 
off-cuts from trees felled for timber. Trees used were 
predominantly hardwood, such as Milicia excelsa 
(Mvule), as brick makers believe they ‘burn longer’. 
The use of Mvule put brick makers in direct 
competition with charcoal producers, who also make 
use of timber off cuts. While Eucalyptus grandis is in 
use in Kenya and Tanzania, it was not the case in the 
area of study, with a visual inspection of most kilns 
indicating no evidence of use of Eucalyptus grandis 
(See Figure 3). Use of old growth hardwood has 
increased over the years, despite the growing 
availability of Eucalyptus plantations. One of the 
reasons for this is that Eucalyptus plantations are on 
private land, while old growth forests, while in public 
forest reserves are deemed to be accessible to all. 
This does point to the lack of enforcement of laws 
protecting forest reserves, a consequence of 
Uganda’s lax forest conservation policies [10]. 

 

 
Figure 3: Wood to Fire Kilns, with curing bricks in the 
background (Authors) 

 
Wood fuel is the only material sourced away 

from site, at times transported from well over 100km 
away, brought to site on small and medium size 
trucks. This is a major monetary expense for the brick 
makers, and the reason why kilns are often not fired 
until a buyer is guaranteed. It is often intermediaries 
who take charge of this stage of the process, 
brokering the sales, and sourcing the wood fuel. It is 
this, along with the emissions from the kilns that 
have drawn the most attention. Therefore, it is easy 
to dismiss this as an undesirable practice. However, 
this fails to address more pertinent problems of how 
to clean up the industry, and how the entire chain 
can be considered. 
 
4. SOCIAL CONSTRUCTION OF BRICKS 

Brick makers in the area studied came from a host 
of backgrounds. Some were farmers looking to 
supplement their income during the dry season, 
youth seeking some form of income, others were 
students looking to earn money for their high school 
or university studies, or youth who needed an 
income. Students were generally not paid, as they 
were helping out their families, with income going 
towards their tuition. They generally only worked 
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during the school vacations. Away from the high-
profile wetlands close to the main urban areas, there 
were very few full-time brick makers. 

 

 
Figure 4: Making bricks (Authors) 

 
Activities were carried out over a full day, 

beginning just after sunrise, and continuing till just 
before dusk. For an average size kiln of 14,000 bricks, 
a total of 645 hours of labour goes into the 
production process. Reflecting on the socio-
economic conditions in which these bricks are 
produced. It is here that the reality becomes 
significant, but not captured in formal 
environmental performance criteria such as 
embodied energy and life cycle assessments. What is 
not captured are the conditions endured by the brick 
makers, the long days in the field, the back breaking 
work, the nights spent stoking the fire, the reality 
that this is an important part of household income, 
and the only thing keeping them from a life of crime. 
How is wellbeing of the brick makers taken into 
account in the cost of the bricks? Further, where do 
they factor in with regard to material specifiers and 
the decisions made by architects? 

Reported manufacturing loss of 20 to 30% of fired 
bricks; the high temperature near the source of the 
fire contributing to a substantial proportion of bricks 
fusing together, while bricks near the outer surfaces 
and the top of the kiln are never fired completely, 
remaining brittle and of questionable strength [11]. 
Taking a 20% loss, a brick kiln of 13,400 bricks will 
yield about 10,700 useable bricks. This is a 
substantial loss given the labour input to the process. 

While each brick is sold at between UGX150 and 
UGX250 (€0.04 to €0.06) depending on location, soil 
type, equating to UGX 300,000 to UGX 450,000 (€75 
to €113) for a small kiln of two to three thousand 
bricks, to UGX 5 million (€1,260) for a large kiln of 
20,000 bricks. The total embodied energy for the 
bricks was 13.25MJ/brick (per useable brick), or 
4.26MJ/kg, similar to Hashemi and Cruickshank [12] 
who estimated it as 4.76MJ/kg, and Mishra and 
Usmani [13] who suggests that the embodied energy 

of Burnt Clay bricks to be about 5.0MJ/brick with 
average size 100mm x 50mm x 50mm, typically used 
in India. Neither monetary cost nor embodied energy 
acknowledge the underlying conditions of the brick 
makers. This raises a key question as to whether 
decisions of how to address the industry could be 
changed given the reality faced by the brick makers. 
This is significant with respect to the Sustainable 
Development Goals (SDGs), particularly SDG 12 – 
Responsible Production and Consumption. 

For many architects and specifiers, the reality of 
the brick making process, the environmental and 
social impacts are absent in decisions made, more so 
for architects where their responsibility often stops 
after the design stage. Further, in terms of ethical 
responsibility, Codes of Conduct are largely silent on 
concerns that include societal issues. In the context 
of Uganda, and much of East Africa, the decision as 
to which material is used largely lies with the 
contractor, who generally makes the decision based 
on the lowest cost. “You can’t be ethical by doing 
beautiful buildings! You have to assume an ethical 
stance, a responsibility for the other. If we start 
thinking that every line on a piece of paper is an act 
of social responsibility, then every line assumes 
significance”[2]. This is often neglected in the 
decisions made by professionals, whose 
responsibility is believed to be only to the client. 
When we consider sustainability, our responsibilities 
extend well beyond specific clients, and to the wider 
community and the environment. Certainly, 
considering the impact of procurement decisions on 
the lives of the wider community, our ideas are far 
different, and as has been seen in some projects, this 
shifts from nonchalance, or avoidance, to working to 
improve efficiency and in so doing improve 
livelihoods and reduce the potential environmental 
costs. 

 
5. CONCLUSION 

Contrary to common belief, ethical positions are 
not inherent in society, but are learned as part of the 
formal and/or informal education process, with, 
students are exposed to a multitude of ethical 
positions, from basic value judgements related to 
beauty and aesthetics - good and bad; to 
investigations of historical attempts to portray truth 
and purity; to the more pragmatic and contemporary 
issues dealing with context, sustainability and social 
equality. In the context of architecture, the sourcing 
of materials (and construction processes) need to be 
scrutinised for their contribution to the overall 
sustainable goals of a project, and contribution to 
achieving the SDGs.  

The findings of this study are part of a process to 
unpack sustainability issues in the context of sub-
Saharan Africa, which are extremely complex. It is 

 

evident that neither energy analysis nor the social 
economic factors are considered as part of the 
decisions made in the selection and use of materials. 
Seeking to quantify the environmental impact of 
various materials may provide the impetus for the 
change, and a catalyst for responsible materials 
management as the most viable means of reducing 
environmental impact of existing practices. 

There is a need to widen the study to include 
different regions to build a more accurate picture of 
the activities associated with the production of wood 
fired bricks. By placing a value on activities related to 
the manufacture of these products, it may be 
possible to influence decisions. According to Cortese 
[14], common assumptions are rarely questioned, 
directly impacting on the ability to act ethically in the 
face of conflicts. Certainly, we cannot continue to 
maintain the status quo as it has not served two ends 
that are desirable, but rather to perpetuate a myth 
that architects are separate from reality. 
Understanding the links both upstream and 
downstream are vital in contributing to our 
appreciation of the decisions we have to make to 
effect change for a sustainable future. 
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Can solar thermal heating mitigate fuel based space heating in 
the high mountains of Lebanon? 
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ABSTRACT: Reliance on fossil fuels is a global concern especially in Lebanon, where it lacks natural resources. 
Previous studies show that renewable energy could replace the fuel in all sectors, particularly, where the 
residential sector consumes 40% of the energy on heating and cooling. However, no research could be found on 
the high mountains of Lebanon’s potential to benefit from solar radiation for winter indoor heating. This 
research occurred in the cold area of Lebanon and studies the thermal performance of 8 houses investigating 
their potential of replacing diesel fuel for indoor heating with solar thermal energy during fall 2019 and winter 
2020. The climate is about long and rigorous winters and cool summers. This is done by software simulation and 
calculations of the houses studying each house’s consumption with different external envelopes. Results show 
that detached houses could achieve a sufficient energy status while implementing solar collectors on their roofs 
under the given climate conditions, while multi-story buildings need to implement solar collectors on roofs and 
on the external envelopes to meet the required amount of energy. However, solar panels are capable of 
achieving a 90 % of the needed energy with a payback period between 7 to 8 years. 
KEYWORDS: Energy, Renewable Energy, Cold Climate, Winter Indoor Heating 
 
 

1. INTRODUCTION 
Winter indoor heating is extensively used 

to provide indoor comfort in the high mountains of 
Lebanon, where the residential energy statistics show 
that heating and cooling consumes 47% of the 
produced energy [1]. Moreover, the energy analysis 
of the Lebanese residential sector shows that the 
highest consumptions levels in the high mountains of 
Lebanon are reached in winter due to excessive 
heating demand [1]. In addition, Lebanon lacks any oil 
and gas resources; therefore, all fuel is imported. Due 
to the high demand for electricity, Lebanon suffers 
from a daily power shortage [2]. In order to 
compensate for the lack of required energy, people 
tend to depend on diesel generators provided by the 
private sector [3]. Bcharre, Lebanon 34.2507° N, 
36.0117° E is located in the northern part of the 
country with an inhibited altitude of 1400m. This area 
falls within the high mountains zone and classified as 
cold temperature climate according to Koppen-Geiger 
world climate classification [4]. The monthly 
temperatures and relative humidity fall outside the 
comfort zone for all the months [5]. Two main 
sources of heating are available in the high mountains 
of Lebanon based on diesel: one through diesel 
stoves; and the other through diesel boilers space 
radiators [6]. Within Lebanon, market studies show 
that during the past 10 years, the installation of solar 
panels for domestic hot water are growing 
exponentially [7]. This due to the public market which 
had an important role in financing solar panels for hot 
water to reduce the individual investment cost [7]. 

The idea of using solar panels for space heating has 
not been dealt with so far at the country level. 

This research will limit the focus on heating 
indoor spaces through renewable energy (solar 
panels) in residential buildings in the high mountains 
of Lebanon concerning consumption and demand. 
This research monitors the internal temperature of 8 
houses for a period from the 1st of October 2019 till 
the end of April 2020 (divided into individual houses 
and apartments in multi-story buildings). The average 
winter temperature is 9 °C, a minimum of -5 °C, and a 
maximum of 17 °C as recorded during 2019-2020. The 
average daily solar radiation recorded for December 
2019 is 2330 Wh/m2. These temperature and solar 
radiation data were gathered from a Davis weather 
station located on a nearby building’s roof. Similarly, 
data of overall seasonal fuel consumption for space 
heating are also recorded. The aim of the paper is to 
combine all these data from the internal 
temperatures, weather data, and fuel consumption, 
to study the feasibility of implementing solar panels 
to mitigate the fuel for heating. Thus, reducing 
reliability on scarce non-renewable energy price 
volatility and reducing the country’s carbon footprint. 
 
2. PREVIOUS STUDIES 

Researches have been studying the potential of 
solar collection for energy production for the short 
and long-term in reducing energy consumption for 
space heating. According to [8], solar energy can 
cover all the heating needed for individual and multi-
story buildings in cold climates. The study was done 
over 52 houses in Montreal Canada using solar 

 

 

thermal collectors and thermal energy storage. The 
research showed that 97 % of the total needed heat 
was supplied [9]. The purpose of this project was to 
reduce Greenhouse gas emissions using solar thermal 
energy collection. It provided 798 flat plates of solar 
panels of 2.8 m² each south-oriented [9]. [10] 
outlined solar heating systems in Helsinki, Finland. 
modelling 100 houses, the simulation showed that a 
non-renewable energy reduction of 81 % can be 
achieved by heating water for indoor heating through 
solar panels. [11] proposed a methodology for 
estimating the amount of solar system needed to 
shaping any building form. [12] investigated New 
Zealand’s solar energy potential as calculating the 
roof area needed. Recent developments in solar 
technologies, such as solar panels systems and 
thermal collectors enable building envelopes to have 
the role of energy generators for heating and 
enhance energy efficiency [13]. Single-floor houses 
have better thermal generation compared to multi-
story buildings, due to the minimal roof area single 
floor house has, and in vertical façade surfaces [14]. 
Since the 2000s, awareness about energy 
conservation in the Lebanese context started to be 
raised. During this period, the government launched 
the Lebanese Centre for Energy Conservation (LCEC). 
At the same time, the Association Libanaise pour 
Maitrise de L’Energie et de L’Environment (ALMEE) 
was founded as a non-governmental organization. 
These institutes, with Lebanon Green Building Council 
(LGBC), published several energy studies that 
encourage less dependency on fuel energy. They also 
specified general and specific guidelines for the local 
context. Within the work on climate and comfort, 
passive strategies for Lebanon, the UNDP (2005) 
published the thermal standards for buildings in 
Lebanon. In 2010, an updated edition was issued with 
grouped a larger number of contributors: The order 
of Engineers and Architects, ALMEE, LGBC, and others 
[15]. 
 
3. METHODOLOGY 

This research is carried out on 5 residential low-
rise buildings having two different archetypes: 
detached houses and attached houses. Two buildings 
were only inhabited, while the others were not 
occupied. 
 
3.1 Multi-Story Buildings 

Three apartments are monitored in the first 
building which is composed of five floors (Building A; 
Fig. 1). Slabs and columns are made out of reinforced 
concrete. The external envelope is built from cavity 
concrete masonry units (25 cm), plastered, painted, 
and stone cladded from the outer side. The second 
studied building is composed of five stories including 
the pitched roof (Building B; Fig. 1). Its slabs and 

columns are made of reinforced concrete. The 
building’s envelope is constructed of a single CMU (15 
cm), plastered, and painted. Two apartments are 
monitored in this building. The third building is 
composed of three stories (Building C; Fig. 1). Its 
envelope is constructed of cavity concrete masonry 
units (25 cm), plastered from both sides, white 
painted from inside Only the first-floor apartment is 
monitored in this building. 
 
3.2 Detached Houses 

The first house has its external envelope made of 
timber wood insulated construction (22 cm diameter) 
(House A; Fig. 1). The second house has its walls 
made of limestone (30 cm thick), plastered, and 
painted from the inner side (House B; Fig. 1). 

 

 
Figure 1: Studied Buildings and Houses. Source: Authors. 
 
3.3 Energy System 

Thermal and energy requirements for heating of 
all buildings typologies have been identified and 
estimated through Insight 360 (Autodesk) and manual 
calculation for energy consumption and energy 
internal gain. Solar thermal systems are sized to cover 
the thermal energy needed of each house or 
apartment. The solar thermal collector (flat plate 
solar panels) are assumed to be installed on 
additional structures within the roof area, on the 
needed façade, or in areas adjacent to the individual 
house. Energy storage tanks and distribution systems 
won’t be taken into account in this study, assuming 
that tanks capacity and mechanical system are 
suitable for such study. 
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3.4 Energy Calculation Tool 
Measuring energy consumption is obtained by 

using dry bulb temperature recordings at the hour in 
°C, outdoor air temperature and solar radiation at 
hourly intervals in °C, as well as simulation software. 
Insight 360 (Autodesk) and Green Building Studio 
(GBS) are energy simulation software that allows 
designing, analysing, predicting, and evaluating 
energy consumed in models in a specific location, 
orientation, climatic conditions [16-17]. In order to 
simulate the models and analyse them, several steps 
must be followed. The first step determines the 
characteristics and thermal properties of the studied 
materials. The second step identifies the scenarios of 
existing and non-existing wall type assemblies 
through various conditions of usage. The third one 
consists of taking a benchmark and comparing it to all 
scenarios through simulation-based software. This 
step requires a comparison of the baseline with the 
different scenarios using Insight 360 software. Each 
residential unit (detached houses and apartments) is 
modelled as a single heated entity. 
 
4. RESULTS AND DISCUSSION 

 
4.1 Comfort and Performance Indicators 

Before diving into the performance indicator, 
energy loss, and energy calculation, a short remark on 
temperature comfort is required. The internal 
temperature benchmark of the high mountains of 
Lebanon is set by the local and international 
reference: [5], where the temperature should not fall 
under 18 °C. Within this context, u-values in this 
climatic zone, according to [5,7] should be equal to 
0.55 W/m²k. As for heating, [7] specified the energy 
consumption for heating as194 kWh/m²/year. 

Q = Δt x A x U (1) 
“Equation (1)”: takes into account the energy 

consumed due to outdoor temperature compared to 
indoor temperature with respect to the area of the 
external envelope heat exchange [18-19]. 
        Δt – Indoor and Outdoor Temperature Difference;  
        A -   External Envelope Area (m²);              

    U – Heat Transfer Coefficient (W/m²K).  
The temperature value for internal comfort was 

taken as 17 °C due to the benchmark set by ASHRAE 
90.1 for the simulation software in this context [18]. 
 
4.2 Energy Consumption 

Starting with the window to wall ratio (WWR) 
comparison between the studied apartments and 
houses which differs as single and double glazed. 
Figure 2 shows that individual house #1 has the 
biggest window size compared to all studied 
apartments. As shown in Figure 2, the biggest 
percentage of the window to wall ratio is also found 

in individual house #1, whereas, the lowest 
percentage is found in apartment # 2. 
 

 
Figure 2: The comparison between the different 8 houses 
window to wall ratio. Source: Authors. 
 

The performance of the different scenarios is 
analysed based on the energy consumption of the 
apartment floor per studied period and per kWh/m² 
per studied period (Figure 3). 
 

 
Figure 3: The comparison between the monthly energy 
needed in kWh for the 8 houses. Source: Author. 
 

After calculating the energy consumption of each 
apartment, internal gains and solar gains should be 
added to the calculation. The daily internal gains 
consist of lighting, occupancy, and equipment per 
day. The total internal gains are calculated over the 
study period then added to the total energy 
calculation (Fig. 4). 

Figure 4: The comparison between the monthly energy 
needed in kWh 17 °C for the 8 houses. Source: Author. 

As for the solar radiation gain, starting by 
calculating the solar radiation entering from the sun 
into each apartment through the windows openings 
according to each month’s sun angle. The energy 

 

 

consumption consists of energy used for indoor space 
heating only. As it is shown in figures 3 and 4, 
apartment #3 has the highest energy consumption of 
all studied scenarios. This is because it has the biggest 
floor area. 

Initially, during the study period, individual house 
#1 had the lowest energy consumption with a 
difference of 67 kWh/m² per studied period, followed 
by apartment #4 by 58 kWh/m² per studied period. 
While this targets fuel consumption (diesel fuel). 
Observation showed that apartment #3 recorded the 
highest energy consumption by 109 kWh/m² per 
studied period. Individual house #1 consumes less 
energy consumption on space heating 48 kWh/m² per 
studied period at a 17 °C indoor temperature (Fig. 5). 

Figures show that also the energy spent on indoor 
space heating differs from one house to another. This 
is due to the floor area of each house. Hence, 
Apartment #3 still constitutes the highest share of 
energy consumption per study period, followed by 
apartment #6. 

According to [19], each Litter of diesel fuel is 
equal to 10 kWh. Therefore, (Fig. 5) shows the diesel 
fuel consumption of each house during the study 
period. Individual house #2 recorded the lowest fuel 
consumption between all studied houses with 1870 L 
of diesel, followed by apartment #4 by 3131 L, then 
apartment #2 by 3615 L, apartment #5 by 4007 L, 
apartment #1 by 4037 L, apartment #6 by 4509 L, 
individual house #1 by 7169 L, and finally apartment 
#3 by 11905 L. 
 

 
Figure 5: The comparison between the monthly energy 
needed in kWh 17 °C for the 8 houses. Source: Author. 
 
4.3 Solar Thermal Collectors 

Concerning the solar thermal collectors, the main 
data are reported in Table 1. It includes the operating 
months and the studied period, needed solar panels 
units, and heat generation potential. 
 
 

 
Table 1: The comparison between the 8 houses showing the 
difference in solar panels need. Source: Author. 

 
Thermal requirements for indoor heating of all 

studied apartments and houses have been identified 
and estimated according to insight 360, Green 
Building Studio (GBS), and manual calculation based 
on references mentioned previously. Solar thermal 
systems are implemented on each external building 
envelope to cover the needs of each house. The solar 
thermal collectors are assumed to be installed on 
additional structures. A south orientation and tilt 
angle of 57° are engaged in the calculation. 

Table 1 shows the potential of solar heating for 
indoor space heating according to the weather data 
taken from the weather station located in Bcharre. It 
divides the monthly mean irradiance with the solar 
panels’ angle and efficiency to generate to calculate 
the needed solar panels for every month during the 
study period at 17 °C. After dividing the needed 
amount of energy per month by the total monthly 
generated from the solar panels at 50% efficiency, 
the highest number of solar panels is needed for 
February, followed by January, then December. 
October requires the least number of solar panels. 

Comparing energy generation potential to the 
total energy consumption shows that the individual 
houses can achieve the total energy status for indoor 
heating (Fig. 6). While apartment buildings depend on 
the roof area that should be divided on the numbers 
of apartments per building. This indicates that solar 
panels should be implemented on the external walls 
to be able to have sufficient hot water for indoor 
space heating. 
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Figure 6: Showing the needed solar panels for the 8 houses. 
Source: Author. 
 

The first building has 7 apartments. Therefore, the 
area of the roof should be divided equally for solar 
panels implementation which is 334 m² divided by 7 
equals 47 m². For this reason, apartment #1 still 
missing 34 % of the needed solar panels to reach the 
maximum solar panels required, which is 25 panels to 
be implemented on the external southern walls. 
Apartment #2 is still missing 27 % of the needed solar 
panels, which is 17 solar panels. Apartment #3 which 
has the biggest area in this building, still needs 78 %, 
which is 164 solar panels. 

The roof of the second building can provide more 
than the needed amount of solar panels for 
apartment #4. The area of the third building’s roof 
should be divided equally for solar panels 
implementation which is 140 m² divided by 5 equals 
28 m². For this reason, apartment #5 still missing 61 
% of the needed solar panels to reach the maximum 
solar panels required, which is 43 panels to be 
implemented on the external southern walls. 
Apartment #6 is still missing 65 % of the needed solar 
panels, which is 52 solar panels. 

Table 2: The comparison between the 8 houses showing 
the Payback Period of the solar panels needed. Source: 
Author. 

With the case presented, each apartment has its 
missing solar panels to achieve full indoor heating 
from solar radiation. The figures show that 
implementing solar panels on external walls could 
achieve the needed amount of solar panels calculated 
except apartment #3. 

The simulation of the houses allowed an accurate 
insight into the potential of achieving full indoor 
heating. Even with the same thermal parameters 
calculation, each house performed differently due to 
many factors as: 

a- Thermal transfer from walls and roof. 
b- Direct gains from sunlight through 

windows. 
c- Direct gains from indoor sources. 
d- Area of each house. 
e- Roof area that is dividing for each 

apartment. 
The external envelope varies considerably 

between the different studied houses which are 
affecting the needed energy for indoor heating. This 
ends up by calculating the heating load per square 
meter. Whereas, whenever the house area increase, 
the heat load increase. Accordingly, the need for solar 
panels will increase. Concerning the individual 
houses, #2 had the lowest energy consumption per 
m² and per total energy. Individual house #1 had the 
third lowest energy consumption per m² while it had 
the second-largest total energy consumption in the 
study period. This is due to the house area which the 
second biggest house between all studied houses. 
The more the envelope is efficient, the less it needs 
solar panels for indoor heating. The energy simulation 
of different house types indicates that detached 
houses could achieve a sufficient energy status from 
using the roof only, under the given climate 
conditions. Not all apartment houses are capable of 
generating all their required energy from the roof. 
Therefore, solar panels on the external envelope are 
capable of achieving a minimum of 93 % of the 
needed energy. 
 
4.4 Payback Analysis 

To achieve the cost-effectiveness of this system, 
the simulation results the consumption per L of diesel 
fuel of each house. It is estimated that 1 L of diesel 
fuel cost is 0.85 $ in Lebanon [19 

]. Adding the solar panels’ system cost to the 
initial cost, wherein Lebanon no accurate data can be 
found for solar collector’s prices. For this reason, the 
prices were chosen according to experience in the 
field, knowledge, and choice of technicality. The cost 
of 1 solar panel in Lebanon is 250$. Table 2 shows 
each house’s fuel reduction and the solar panels cost 
for each house with the payback period. It can be 
noticeable that the payback period is between 7 to 8 
years depending on each house (Table 2). 
 
5. Conclusion 

The current paper presents an innovative and 
holistic approach to the analysis of the impact of 
installing solar panels for different house types in the 

 Diesel 
Cost per 

$ 

Solar 
Panels 

Cost per $ 

Payback 
Periods 
(years) 

Apartment 1 2,422 18,000 7.4 
Apartment 2 2,169 16,000 7.4 
Apartment 3 6,643 528,000 7.9 
Apartment 4 1,879 14,000 7.5 
Apartment 5 2,404 17,800 7.4 
Apartment 6 2,705 20,000 7.4 
Apartment 7 4,301 31,800 7.4 
Apartment 8 1,122 8,300 7.4 

 

 

high mountains of Lebanon with different thermal 
performance towards the cold climate. 

The implementation of solar thermal collection 
has a significant impact on energy consumption, 
especially in a country that lacks resources. In the 
case of the studied houses, it can reduce the total 
energy consumption of the individual houses by 
implementing solar panels on the roof. Whereas, the 
apartments in a multi-story building will need to 
implement solar panels on the external façade of the 
building to be able to reduce and replace a minimum 
of 93 % of the non-renewable energy consumed for 
space heating. The methodology of this paper 
consisted of analysing 8 apartments with different 
thermal performance for fall 2019 and winter 2020. 
This allowed reaching the objective of replacing the 
non-renewable resources with renewable energy 
through solar radiation for indoor space heating. 

Results show that this can be done. Yet, what 
makes this complicated to implement is the typology 
of houses within the rural area. this study shows that 
the payback period of such implementation would 
need between 7 to 8 years. 
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ABSTRACT: This paper presents a contribution to the field of construction technology in the teaching of 
architecture, as a strategy to prepare architects for the demands of cities in the 21st century. It aims to develop 
reflections on experiences of constructive practices to encourage a review of architecture teaching, considering 
the expansion of constructive experimentation in schools and an integrated and interdisciplinary approach. The 
paper is part of an ongoing doctoral research and is guided by the democratization of access to the work of 
architects and the constitution of sustainable and equitable cities. In this sense, it considers the panorama of 
Brazilian cities, the new sociodemographic profile of students, the development of constructive practices in 
different universities, and the experience of the Experimental Construction Site of the Faculty of Architecture and 
Urbanism of the Federal University of Rio de Janeiro. The methodology is based on (i) bibliographic review 
related to experiences of constructive practices in architecture teaching in Brazil and internationally; and (ii) 
carrying out an analysis of the reported experiences, identifying elements and aspects with potential to be a 
reference to the elaboration of proposals to strengthen constructive experimentation supported by Brazilian 
social architecture. 
KEYWORDS: Architecture teaching, Learning by doing, Construction technology, Social architecture. 
 
 

1. CONSTRUCTION FOR STUDENT AUTONOMY 
In architecture teaching in general, there is a 

hegemonic view centred on the design and on the 
theoretical approach, which overlaps the 
construction disciplines and shapes the architect's 
profile. However, many initiatives around the world 
qualify as exceptions, some of which will be the 
focus of this work. 

In Brazil, the topic of construction technology 
has been historically neglected and underestimated 
in architecture teaching. In addition to the growing 
reduction in the workload of construction 
technologies disciplines, the teaching of 
construction usually occurs in an abstract way, not 
integrated with the teaching of design and 
detached from the real applications of the 
professional practice and the needs of society. 

Learning tends, then, to be constituted by 
memorization and abstract reproduction of 
reasoning, which weakens the student's curiosity 
[14]. For educator Paulo Freire, this didactics 
hinders the student's freedom and ability to 
venture into critical thinking. Freire sees that in this 
process there is a banking concept of education, in 
which the student's role is restricted to receiving 
deposits of information from the teacher and 
archiving them, in a unidirectional process that does 
not make room for dialogue and critical thinking [6]. 

When the student receives information from the 
educator without there being space and time for 
questioning, the content is received and stored, but 

it is not processed, since the student does not 
participate as a subject in this process. Therefore, 
the information does not become knowledge [6; 9]. 

Freire defends a Problematizing Pedagogy, 
which is liberating, questioning, and dialogic, which 
encourages reflection on the state of things and 
instils ‘epistemological curiosity’ in the student, 
determined by the critical exercise of the ability to 
learn, which is opposed to the naive curiosity of 
common sense. Freire conceptualizes the Pedagogy 
of Autonomy, supported by experiences that 
stimulate the student’s decision and responsibility, 
always permeated by dialogue: “Autonomy is 
constituted in the experience of countless decisions 
that are being taken” [6]. 

To feed perspectives for an architecture 
education that encourages students' autonomy 
from constructive practices and the interlocution 
between design and construction, a presentation of 
arguments and experiences that reinforce this 
reflection will be made in the continuity of the text. 
Initially, an overview will be made of the urban 
context of Brazilian cities in the 20th century, the 
concern of some architects in the face of this 
situation, and their relationship with the creation of 
Experimental Construction Sites in architecture 
schools. 

In addition to the Experimental Construction 
Sites in Brazil, this study will present an overview of 
initiatives in other countries that approach the 
constructive practice similarly to Paulo Freire's 

 

ideas, as for example Chilean experiences at the 
Pontifical Catholic University of Valparaíso (PUCV) 
and the University of Talca. 

Next, we will discuss the sociodemographic 
reality of Brazilian universities, which now have a 
robust (and unprecedented) representation of poor 
students living in favelas, as to relate this new 
scenario to the theme of this study. What is the 
potential of this “new university” to support the 
production of healthier, more equitable, and 
sustainable housing, neighbourhoods, and cities? 

The study focuses on the teaching of 
architecture in Brazil but considers that there are 
many points of similarity with the reality of other 
Latin American countries. 
 
2. ARCHITECTS FACING THE HOUSING CRISIS 

One can affirm that the experimental sites of 
Brazilian architecture schools are rooted in the 
debate on the process of production of cities, in the 
historical panorama of the housing deficit, and the 
change of view about the social role of architects. In 
this sense, we highlight the creation of an 
understanding of the need for architects to 
approach the favelas and a greater understanding 
of the reality of the residents and their construction 
culture. 

The Brazilian urbanization process in the 20th 
century produced the effect of shaping a 
generalized scenario of high inequality in cities, in a 
phenomenon of 'favelization', with a concentration 
of poverty and environmental problems in 
peripheral urban areas, at an extremely difficult 
level to be repaired. 

At the end of the period of the military 
dictatorship in Brazil (1964-85), the civil society 
began to mobilize for social justice, the right to the 
city and quality housing. At that moment, there was 
an organization of social movements struggling for 
housing and urban reform, initiatives that were and 
are very active and essential for the debate and the 
conformation of public policies until today. 

At the same time, there was a discussion about 
the role of the Architect and Urban Planner in 
society, where criticisms and revisions were made 
about the real impacts of architecture on the life of 
the population. These reflections, which were 
initially produced in universities, began to be 
developed in poor communities, in association with 
Housing Movements, ecclesiastical organizations, 
and progressive political parties [1; 9]. 

In this context, it is essential to highlight the 
work of the New Architecture (Arquitetura Nova) 
group (1962-70), composed of architects Sérgio 
Ferro, Flávio Império and Rodrigo Lefèvre. They 
sought to formulate a new program for Brazilian 
modern architecture, guided by the issue of the 

housing deficit, social housing, and the 
development and application of techniques and 
materials accessible to the population. In the words 
of Sérgio Ferro, in a critique of Brazilian 
architectural production at the time, published in 
Revista Projeto, nº 86 of 1986, New Architecture 
was “(...) thinking about another client, the one that 
did not exist – the poor people”. The New 
Architecture group was paradigmatic and inspired 
the debate of the following years about the housing 
crisis and the Brazilian high social inequality, and 
the importance of the architects approach to the 
favelas [1]. 

Motivated by the progressive ideals of the 
moment and directly inspired by the New 
Architecture group and the action of ecclesiastical 
bases in poor urban communities, groups of 
architects emerged in the 1970s and 1980s that 
sought to act directly in the favelas, together with 
the struggle of the housing movements. There was 
the emergence of the defence of Technical 
Assistance in urban peripheries and the creation of 
housing cooperatives, in which participatory 
processes were developed, often based on the 
realization of collective efforts to carry out 
construction works. 

Regarding that moment of action and debates 
on technical assistance and housing cooperatives, it 
is essential to highlight the influence of Uruguayan 
housing cooperatives represented by the 
Federation of Housing Cooperatives of Mutual 
Support (Federación de Cooperativas de Viviendas 
por Ayuda Mutua – FUCVAM). 

At that point of inflection in the understanding 
of the role of architects, with the emergence of a 
‘new’ way of thinking and producing architecture 
and cities, and the search for the valorisation of 
social architecture, initiatives hitherto unheard of in 
universities began to occur. Through professors and 
students committed to the cause of social housing, 
some architecture schools began to develop works 
in favelas and praised the importance of mastering 
constructive technologies so that architects would 
be better prepared to respond to society’s 
demands. 

In this sense, the experience of the Architecture 
and Urbanism course at the School of Fine Arts of 
São Paulo (Escola de Belas Artes de São Paulo) 
stands out as a reference point for a didactic 
initiative that made a good articulation between 
design, technology, and construction teaching, 
through the prism of social architecture. The course 
was created in 1980 with a curricular organization 
that allowed permeability between disciplines, with 
application in practical activities. In the course was 
created (1982) the first housing laboratory in Brazil, 
Laboratório de Habitação (LabHab), which, 
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according to João Marcos Lopes, one of the 
professors, “allowed for the practical extension of 
the design action situated in an unquestionably 
concrete social reality – the periphery of the city of 
São Paulo and its housing movements” [8]. 

The LabHab's trajectory is paradigmatic in the 
teaching of architecture in Brazil for presenting a 
more organic approach to professional practice. 
Theoretical contents were reflected directly in the 
favelas, in association with the residents, in 
environments conducive to a practical exercise. 
LabHab generated reverberations in other 
universities, which also created similar initiatives. 
The ideas that emerged at LabHab evolved with the 
accumulation of experiences and debates 
throughout the country, and culminated in what is 
currently known as the Experimental Construction 
Sites [8]. 

In 1993, influenced by the New Architecture 
group and LabHab, some professors of the Faculty 
of Architecture and Urbanism of the University of 
São Paulo (FAUUSP) started the development of 
practical activities on the construction site to carry 
out exercises related to a Construction Technology 
discipline. In 1998, FAUUSP gained its own space for 
construction site activities and, progressively, the 
actions carried out there gained prominence and 
highlight, unfolding in the consolidation of the 
Experimental Construction Site. 
 
3. THE ‘EXPERIMENTAL CONSTRUCTION SITE’ 
STRATEGY 

The FAUUSP initiative culminated in the creation 
of the Experimental Construction Site, a didactic-
pedagogical equipment that over the years was 
disseminated and appropriated in other schools, 
and which is structured as a strategy to contribute 
to the autonomy of architecture students. 

In the Experimental Construction Site, practical 
activity does not overlap with intellectual activity, 
because the understanding is that there is no such 
separation. It is, therefore, the place of full activity. 
It should not be mistaken for a laboratory, where 
materials, phenomena, and processes are studied 
separately, via analytical methods. Neither is the 
Experimental Construction Site a School 
Construction Site, in which it is sought to faithfully 
reproduce the space of a “real” construction site. 
This is an understandable confusion, since the 
Experimental Construction Site also seeks to 
develop construction techniques and materialize 
projects through the use of construction materials. 
The Experimental Construction Site is, in essence, a 
space for exploring the transformative potential, 
which seeks to go beyond the understanding and 
reproduction of conventional construction 
processes, with a view to the student's freedom to 

create with greater complexity and criticality an 
understanding of the profession [12]. 

The Experimental Construction Site is, therefore, 
an innovative didactic strategy in the teaching of 
architecture in Brazil, which offers much more than 
a space for the practice of projects execution. It 
enables the confrontation of reality and the 
materialization of ideas from the problematization 
and exploration of creative freedom, exposing and 
analysing errors and successes of the elaborated 
processes. It is a place of emancipation that 
constitutes a didactic opportunity, with high 
potential for expanding both the knowledge of 
construction technology and the exercise of design, 
through an approach that privileges critical teaching 
and provides conditions for the deepening of 
questionings. 

It is a dialogic space that brings students closer 
to their daily reality and promotes ‘learning by 
doing’, encouraging students to take responsibility 
for their decisions and operations, contributing to 
the development of their autonomy, and 
overcoming the abstraction of the contents taught, 
encouraging architectural design through the act of 
building [14]. 

Despite the positive evaluation of the 
experiences of the Experimental Construction Sites 
by students and professors, until now only a 
minority of architecture schools in Brazil have this 
equipment. We can say, however, that there are 
increasing efforts to create Experimental 
Construction Sites. 

 
3.1 The FAU/UFRJ Experimental Construction Site 

Although the Faculty of Architecture and 
Urbanism of the Federal University of Rio de Janeiro 
– FAU/UFRJ is a reference school, the 
implementation of the Experimental Construction 
Site only took place in 2014. FAU/UFRJ's strategy 
seeks to converge its activities of practical 
constructive experimentation as an action of 
confluence between teaching, research and 
extension [14]. 

In this way, activities are developed through: 
mandatory disciplines, such as of Construction 
Processes, where experiments with conventional, 
vernacular (Fig. 1), and reused materials are 
explored, and works are developed based on the 
concepts of Circular Economy [2]; elective 
disciplines, such as Earth Construction Technology; 
support activities for Degree Final Projects (Fig. 2); 
Scientific Initiation research; Extension activities; 
and Construction Workshops, often associated to 
events, such as the one that took place in 2018 with 
Rede Terra Brasil, an institution that seeks to 
promote earth constructive technologies [14]. 
 

 

Figure 1:  
Experimentation with earth bricks. 

 
Note: Exercise self-production of earth bricks and 
construction of prototypes with students in the first year 
of graduation, 2022. 

 
Figure 2:  
Construction of panels for a house prototype. 

 
Note: Degree Final Project entitled “From Garbage to 
Home: Housing Unit with materials from waste”, by 
student Mariana Dimbarre, 2015. 
 

With 5 years of operation completed in 20191, 
despite the positive evaluation from active 
professors and researchers and approximately 
1,200 undergraduate students who have 
experienced the equipment until then, the 
FAU/UFRJ Experimental Site still has enormous 
integrative and systemic potential to be explored. 

Thus, this study defends the strengthening of 
the Experimental Construction Site strategy of 
FAU/UFRJ to promote the emancipation of 
students, deepening the close design-construction 
relationship and the link between architecture and 
its social and economic dimension, to support a 
professional training that aims at a social 
architecture close to the daily reality of FAU/UFRJ 
students and Brazilian society. 

 
1 In early 2020 activities were interrupted due to the Covid-19 
pandemic. The return is scheduled for April 2022. 

 
4. A ‘FLIGHT’ THROUGH FOREIGN EXPERIENCES OF 
CONSTRUCTIVE PRACTICES 

Aiming to provide contents to the reflections in 
this study, we will present brief notes on foreign 
references with different characteristics that 
approach the constructive practice as a way to 
architecture teaching, showing convergences with 
the problematics exposed in this paper. 

We will present two paradigmatic experiences 
of Chilean universities that deal with constructive 
practices. The School of Architecture and Design of 
the Pontifical Catholic University of Valparaíso 
(Escuela de Arquitectura y Diseño de la Pontificia 
Universidad Católica de Valparaíso – PUCV) stands 
out for its teaching-learning relationship based on 
poetry, design and construction, and for the 
incorporation of these activities as part of everyday 
life, with a strong appeal of belonging to the South 
American continent [4; 5]. From the Amereida 
proposal, which aims to unite the daily activities of 
life, work and study in the encounter between 
poetry and crafts, unfold the Ciudad Abierta and 
Travessias initiatives, which promote reflections in 
action and the integration between construction 
and design, through the execution of perennial and 
ephemeral installations in 1:1 scale. In Ciudad 
Abierta, the projects are implemented in an area 
linked to the PUCV, which is located in Ritoque, 16 
kilometres away from Valparaíso. In Travessias, 
students and teachers design and build in distant 
places in Latin America, on study and work trips 
that explore the perception and reading of the 
territory and communities to define the program, 
materials and construction processes [4; 5]. 

The other Chilean experience is that of the 
School of Architecture of the University of Talca 
(Escuela de Arquitectura de la Universidad de 
Talca), located in the Valle Central region, which has 
a pedagogical project with strong links to the place 
where the school is located. It is a course intensively 
based on practice, on the exploration of available 
materials, on the analysis of the territory, and the 
training of students for professional performance. 
Students develop design and execution activities for 
architectural structures observing the availability of 
and access to resources in the region. The course 
explores the creative capacity and the development 
of operational skills of future architects, giving them 
autonomy for professional performance. The 
pedagogical project is based more on the material 
than on the space, and the profile intended for 
graduating students is that of a professional with a 
broad view of architecture, based on the 
exploration of three domains: Operate, related to 
the proactivity necessary for good professional 
performance; Officiate, relating to the conception, 
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design, and supervision of works; and Innovate, 
which considers competencies related to the 
transformation of knowledge into wealth, in the 
broadest sense of the term [10; 11]. 

We also highlight the experience of Rural Studio, 
linked to the School of Architecture, Planning and 
Landscape of the University of Auburn, in the 
United States. The Rural Studio promotes students’ 
immersion in poor communities in Alabama, with 
the integration of design teaching and construction 
teaching, in a process that culminates in the 
execution of buildings for the community, and 
which considers the local constructive culture and 
labour [13]. 

Another relevant experience analysed is that of 
the Aura Strategy, proposed by the transdisciplinary 
team of the University of Seville (Universidad de 
Sevilla), Spain, created to participate in the 'Solar 
Decathlon 2019', a competition promoted by the 
United States government, which supports the 
development of high-performance buildings and the 
use of renewable energy. The Aura Strategy is 
based on the creation of a transformative network 
between professors from different disciplines and 
departments at the Universidad de Sevilla, with the 
establishment of a teaching methodology based on 
problem solving, on the transversal concept of 
sustainability and on holistic study approaches [7]. 

For the ‘Solar Decathlon 2019’, housing 
prototypes were developed from a project that 
considered all the design and construction stages of 
real architecture. The variety of professors and 
departments that participated in the process 
highlights the Aura Strategy as a reference for the 
development of proposals for reviewing Higher 
Education [7]. 

There are many other experiences around the 
world approaching construction and design in an 
integrated, systemic and interdisciplinary way. In 
any case, the highlighted experiences are 
complementary, considering their specificities, and 
bring very relevant aspects that will be deepened, 
elaborated, and perhaps incorporated during the 
doctoral research, with a view to adapting to the 
context of the Experimental Construction Site of 
FAU/UFRJ. 

For the same purpose, it is essential to include in 
this reflection the panorama that will be exposed in 
the following topic. 

 
5. SOCIODEMOGRAPHY OF BRAZILIAN STUDENTS 

Only 15% of the Brazilian population that has 
built or renovated their home used the services of 
an architect [3]. The reality of the country shows 
that, in general, architects work for the upper 
classes of society. Considering this fact, the Council 
of Architecture and Urbanism of Brazil – CAU/BR 
points out that it is crucial to rethink the training of 

architects, aiming to qualify professionals to meet 
the primordial demands of society, from knowledge 
that is focused on the daily life in Brazilian cities [3]. 

Faced with the scenario of concentration of 
inequities and environmental problems in Brazilian 
cities, it is essential to broaden the debate on 
teaching, intending to value architects in society 
and democratize the access to architectural 
services, including poor families among those 
attended. 

At the beginning of the 21st century, the 
Brazilian government initiated a policy of 
democratization and expansion of Higher 
Education, based on a package of measures that 
resulted in the inclusion of a new sociodemographic 
profile of students in public and private universities, 
enabling a historic transformation through the 
presence of students from poor families, who 
usually live in peripheral urban areas, with less 
infrastructure. Before that, university environments 
were generally occupied by students from 
privileged social classes, residents of the most 
valued areas of the cities. 

As a result, there is an emergence in the country 
of students – and recently graduated architects – 
who are poor and residents of urban areas that 
until then were not lived and experienced by the 
architecture professional. It should be noted that 
these areas lack the services of architects, and 
concentrate housing, urban and environmental 
problems. Another point of view about this new 
scenario is that before this transformation took 
place, the situations of people living in favelas 
experiencing and contributing academically in 
university environments - spaces for the 
construction of scientific and technological 
knowledge - were exceptions. 

Despite this advance, we can say that 
architecture schools in Brazil have not opened up to 
the scientific and technological potential of 
inclusion of these ‘new’ students in Brazilian 
society. Although this debate has been growing in 
the academia, the teaching of architecture in Brazil 
remains largely guided by conceptual and 
technological references from countries in the 
global north, whose urban, social and cultural 
conformations are essentially different from the 
global south. A hegemony of application of 
architectural programs persists in the design 
disciplines of Brazilian schools, far from the social 
and urban reality of these future professionals and 
far from the daily needs of society. 

This study understands that the presence of 
students living in favelas and urban peripheries - 
places with specific urban culture, dynamics and 
development - is both a justification for the 
promotion of new reflections and propositions in 
architecture schools and an opportunity for these 
people to constitute themselves into agents of 
transformation of their local realities. 

Thus, it is necessary to review the teaching of 
architecture based on the strengthening of a 
systemic view of the profession, with an 

 

appreciation of the integration between knowledge 
of construction technology and other disciplines 
related to architecture. Likewise, it is essential to 
guide teaching following the daily demands of 
society and the country's environmental and urban 
problems, constituting curricula that are based on 
the training of architects who understand and act in 
the unequal and complex contexts of Brazilian 
cities, especially those most vulnerable [15]. 

The Experimental Construction Site is a place of 
convergence of academic and non-academic 
understandings and knowledge. It is a space of 
freedom for the development of innovative 
constructive practices that, directed towards finding 
solutions to urgent urban problems, play a 
fundamental role in the education and training of 
architects committed to the future of cities. 

“(...) it is necessary to prepare young people 
who arrive at university for a responsible action in 
the social reality, and not just train them to meet 
the way the market organizes the consumption of 
their profession” [12]. 

 
6. FINAL CONSIDERATIONS 

There are several possibilities for strengthening 
the integration between design teaching and 
construction teaching in architecture schools. The 
experiences presented here are relevant, bring 
together aspects that converge with this study, and 
seek to promote critical, problematizing and 
liberating teaching, very consistent with Freire’s 
principles. These are initiatives committed to 
reducing inequalities, which consider the 
knowledge and culture of poor communities, such 
as the works of New Architecture and LabHab or 
Rural Studio. Experiences that explore ‘learning by 
doing’ through the exercise of constructive practice 
based on the search of problem solving and 
encouraging students’ autonomy, as in the Chilean 
experiences and the transdisciplinary team of the 
University of Seville, in which the interdepartmental 
interlocution carried out is also highlighted in an 
innovative institutional arrangement. 

Despite the experiences of the Experimental 
Construction Sites in Brazil being well evaluated in 
general, much effort is still needed to explore their 
interdisciplinary potential and expand the 
integration of knowledge, aiming at the training of 
more committed and prepared architects to 
contribute to the production of cities that are more 
equitable, healthy and sustainable, following the 
Sustainable Development Goals (SDGs), especially 
SDG 11, which seeks to transform cities and 
communities into more inclusive, safe, resilient and 
sustainable spaces. 

This study understands that despite the 
difficulties faced in seeking to overcome the 
hegemonic teaching model, as well as in facing the 
adversities related to the current political, 
economic and social crisis that the country is 
experiencing, the search for the reduction of 
inequalities and the valorisation of the profession 
persists and becomes even more urgent. 
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ABSTRACT: In the Brazilian COVID-19 context, the city of São Paulo was the most affected city and thus, many of 
its vulnerabilities were heighted by the pandemic, exposing the social and territorial weaknesses. However, 
walking emerged even more relevant since pedestrian-friendly streets have a great importance in offering a 
more inclusive, safer and comfortable environments and thus, can also play a central role for a sustainable 
pandemic recovery’s policy. This paper aims to present an ergonomic urban assessment methodology in two 
central zones of São Paulo (with high macroscale walkability but different in terms of microscale displacements 
on foot). The method was applied in 19 streetscapes and after comparative analysis, it was found that the 
groups “Crossing”, “Sidewalk”, “Public Infrastructure”, “Blocks”, “Buildings” might have a significant impact on 
the pedestrians. It concludes that the form of how those elements combine with each other has a deeper 
relationship to the streetscapes’ power to attract or repel the pedestrians. Another conclusion is that the 
application of Ergonomics in cities can be fostered, not only as a theory, but more importantly as a method for 
assessing the quality of the built environment of cities, especially those on developing countries such as São 
Paulo.  
KEYWORDS: Ergonomics, Walkability, Streetscapes, Fieldwork, Analytical work. 
 
 

1. INTRODUCTION  
The COVID-19 pandemic is a global crisis that 

has exposed and accentuated pre-existing 
inequalities, impacting all aspects of our lives. 
Unlike many cities around the world, Brazilian cities 
still lack strategies to ensure public health safety for 
their users and, therefore, vulnerabilities were 
heightened by the pandemic, exposing the social 
and territorial weaknesses of these cities. In the 
Brazilian context, São Paulo is the most affected city 
in number of infected people and deaths [1]. The 
Sustainable Development Goals Report 2021 [2] 
exposes the devastating impacts of the pandemic 
on the SDGs.  

Regarding urban mobility, the pandemic has 
made walking even more relevant than never, due 
to its safety. Sidewalks are open spaces and 
pedestrians can usually keep a safe distance from 
others. Furthermore, pedestrian-friendly streets 
promote more inclusive and safer environments, 
especially for women, children, older people, and 
people with disabilities. Also, it contributes to 
mitigate climate change. Consequently, the 
promotion of more walkable cities has not only 
been essential during the pandemic but can also 
play a central role for a sustainable pandemic 
recovery.  

This paper aims to contribute to this debate and 
thus, it presents an urban assessment methodology 
that correlates criteria of Walkability with 
Ergonomics. The case study evaluated two nearby 

areas in the central region of São Paulo: Barra 
Funda and Francisco Matarazzo Origin-Destination 
(OD) Zones. The selected areas present similar level 
of macroscale walkability, but they are very 
different regarding microscale displacements on 
foot. The technical work was based on the field 
application of this ergonomic method having the 
streetscapes as spatial scale.  
 
2. CONCEPTUAL FRAMEWORK: WALKABILITY, 
ERGONOMICS AND STREETSCAPES 

The concept of walkability emerged for the first 
time in 1993, being defined as the “quality of place” 
[3]. Since then, many authors have adopted this 
expression, creating more detailed definitions to 
the concept. For Southworth, for example, there is 
walkability when the streets encourage people to 
choose walking over driving. Also, the author argues 
that there are six criteria to be met for a successful 
pedestrian network: connectivity, linkage with 
other modes, land use patterns, safety, quality of 
path and path context [4].  

For this paper, walkability is defined as the 
quality of the perceived walkable environment by 
pedestrians that enables and encourages their own 
walking through their walking experiences based on 
physical, environmental, sociocultural and 
behavioural factors [5].  

Ergonomics, on the other hand, can be defined 
as the study of actions and mutual influences 
between the human being and the environment 

 

through reciprocal interfaces, having as study’s 
object the person in the environment [6]. Many 
authors argues that the Ergonomics concept has 
been reduced to dimensional and anthropometrics 
aspects, losing its potential [6,7]. In Brazil, 
Ergonomics is strongly linked to universal design 
and accessibility. However, due to its 
interdisciplinary factor, Ergonomics can also play a 
significant role on accessing well-being quality on 
other scientific field areas.  

Over this way, this research brings the 
Ergonomics to the Urbanism debate. In other 
words, Ergonomics is applied to the pedestrians and 
sidewalks’ reality, as a method of walkability 
assessment. Thus, Ergonomics contributes to gather 
information about the pedestrian behaviour and its 
relation to the physical quality of the built 
environment, supporting urban strategies and 
policymaking towards a more human and 
sustainable city. 

Since the actual pandemic context exposed the 
social and territorial vulnerabilities of the Brazilian 
cities, such as São Paulo, this paper also aims to 
draw attention to Ergonomics as a potential 
evaluation tool of those vulnerabilities of the urban 
environment.  

Taking advantage of this opportunity, the 
research reinforced the insertion of the concept of 
‘streetscape’ in the Brazilian scientific field. In the 
country, this concept is not commonly used by 
national researches, but through the work 
developed by [5], it has proven to have a great 
contribution as a territorial scale for this Ergonomic 
assessment. Here, ‘streetscape’ is defined as a 
visualization or an image of a street formed by a 
combination of its physical and non-physical urban 
qualities apprehended by the pedestrian though a 
spatial perception process [5].  

To sum up then, by inserting Ergonomics as an 
assessment method of walkability, it was not only 
possible to correlate this discipline field to the 
Urbanism one, but also to introduce the concept 
and the practical application of the streetscape in 
the Brazilian context.  

After consolidating this conceptual framework, 
an empirical investigation based on field surveys 
took place to validate the ideas proposed on it.  
 
3. CASE-STUDY SELECTION 
3.1. Case-study selection: macroscale analysis 
through the National Travel Survey’s Zones 

The Ergonomics assessment has been applied in 
two areas of São Paulo, based on the National 
Travel Surveys’ zones: Barra Funda (BF) and 
Francisco Matarazzo (FM). São Paulo’s 2017 
National Travel Survey [8] (“Pesquisa Origem e 
Destino 2017”) is an important and main source of 

travel’s information in the city. It shows the findings 
on how the citizens of São Paulo move daily 
throughout the city – their transport’s choices and 
the location of where they are leaving and where 
they are going. It divides the city of São Paulo into 
342 small zones, called ‘Origin-Destination Zones’. 
As the name suggests, Origin-Destination (OD) data 
contain details of trips between two geographic 
zones. 

The case-study presented on this paper was 
selected through a macroscale walkability analysis 
using the Geographic Information System (GIS). This 
macroscale analysis consisted in the evaluation of 
all OD zones in terms of urban density, land use, 
distance to transit and displacements on foot.  The 
number of trips on foot in this survey are only those 
made exclusively on foot (when the travelled 
distances are greater than 500 meters) or when the 
reasons for the trips are work or school, regardless 
of the distance. For this reason, these numbers 
were corrected, through an augmentation factor, 
considering that people who travel by collective 
transport also travel, part of the trip, on foot.    

From these analyses, maps of walkability vs. 
walking distances were generated for all zones.  

Therefore, the case-study of this paper is 
composed by two adjacent areas in central São 
Paulo: the Barra Funda Zone and the Francisco 
Matarazzo Zone. In the case of Barra Funda, the 
zone was classified as a place of high walkability and 
few displacements on foot. Francisco Matarazzo, in 
turn, is highly walkable and has many 
displacements on foot (Fig.1). 

 
Figure 1:  

National Travel Survey Districts analysed. Source: 
Authors’ own elaboration. 

 
 

So, this case-study selection was based on two 
areas that have high walkability, but differ in terms 
of displacements on foot. Having this in mind, the 
research dedicated to investigate if there was a 
difference in the built environment and if so, how 
was the quality of the pedestrians’ microscale level?  
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3.2. Case-study selection: microscale analysis 
through the Streetscapes 

From the macroscale analysis of the entire city 
of São Paulo, which culminated in the selection of 
both zones, it was necessary to make a microscale 
approach of the case-study. Since the ergonomic 
method imply an empirical fieldwork assessment of 
the pedestrians’ environment, a microscale analysis 
was performed through a streetscape scan of the 
two areas. It is important to emphasize that this 
microscale step was strictly done online and virtual 
due to the COVID-19 lockdown restrictions at that 
time. Thus, the scan was made taking virtual tours 
using the Google Street View tool and taking 
technical data from the GeoSampa online open data 
portal (created by São Paulo’s Townhall) that was 
visually treated by GIS.  

Having this in mind, the process started by 
identifying all of the 52 streets that are located on 
those two OD zones. After this, a virtual tour was 
taken in each one identifying several and different 
streetscapes along the street.   

For this research, the graphic representation of a 
streetscape was defined by a street section 
drawing. From all of the 52 streets observed, only 4 
of them were chosen to be evaluated by the 
method – especially because of the time limit. 
Those 4 streets were selected according to two 
major criteria: one was taking 2 streets of each OD 
Zone; from those 2 streets, the other criterion was 
taking one street classified as Arterial Road and the 
other as Collector Road. Thus, the ergonomic 
method was applied in the entire extension of each 
street. For the Barra Funda Zone, the selected 
streets were: Avenida Marquês de São Vicente 
(Arterial Street) and Rua do Bosque (Collector 
Street). For the Francisco Matarazzo Zone, they 
were: Avenida Franciso Matarazzo (Arterial) and 
Rua Turiassú (Collector).  

From each of these streets a series of 
streetscapes were determined for each one. For the 
Avenida Marquês de São Vicente were chosen 3 
streetscapes; For Rua do Bosque, 6 streetscapes; 
For Avenida Francisco Matarazzo, 3 streetscapes 
and for Rua Turiassú, 7 streetscapes.  

To determine this set of streetscapes, another 
virtual tour was taken through Google Street View 
on each of those 4 streets. Then, the streetscapes 
were determined as long as the urban context and 
setting kept the same. That is to say that when the 
use of buildings changed (from a residential to a 
commercial use change), a streetscape was 
determined. Or even when the occupancy of each 
building changed (from a set of active façade small 
buildings to a sidewalk full of high and extensive 
walls), another streetscape was determined.  

Then, a total of 19 streetscapes were chosen to 
be evaluated by the ergonomic methodology.  

 
4. METHOD: THE ERGONOMIC ASSESSMENT OF 
THE URBAN ENVIRONMENT 

The methodology “Ergonomic Assessment of 
The Urban Environment” was created on 2017 by 
Professor Roberta Consentino Kronka Mülfarth [6] 
and is a systematic fieldwork analysis which focuses 
on assessing urban qualities of the built 
environment based on four ergonomic factors that 
influences the well-being of pedestrians. These four 
factors are measured through in situ observations 
and are classified in two categories: the quantitative 
category (physical and environmental factors) and 
the qualitative category (sociocultural and 
behavioural factors). The method is applied on the 
microscale level of several streetscapes and uses 
the ergonomic assessment sheets (Fig.2). 

 
Figure 2:  
The quantitative and qualitative variables of the 
Ergonomics Assessment Sheets. Source: Authors’ own 
elaboration.  

 
 

The quantitative ergonomic assessment sheet 
focuses on the collection of the ergonomic physical 
and environmental factors distributed on the 10 
following groups (and its representative variables): 
Road (automobile flux, maximum speed and width); 
Crossing (pedestrians’ lane width, pedestrian traffic 
light, crossing type); Sidewalk (width, slope, 
pavement material, presence/absence of steps and 
obstacles); Public Infrastructure (public lighting, 
benches, public waste bin, bus stop and visual 
communication signs); Security and Protection 
(pedestrians’ flux and policing services); Block 
(width, slope, building’s height, active ground floor, 
presence/absence of walls or fences); Building 
(residential use, commercial use, industrial use, 
physical permeable façade, visual permeable 
façade); Greenery (presence/absence of trees; trees 
blocking or not the sidewalk); Public Transport (bike 
lane, bus lane, train lane and connection/distance 

 

from each other); Environmental Comfort 
(sun/shadow, wind, temperature, noise, etc.).  

The qualitative ergonomic assessment sheet 
focuses on the pedestrians and thus, on the 
sociocultural and behavioural ergonomic factors 
through the following variables: gender; age; 
disabilities; type of activity on the urban space: 
whether transitional or stationary activities – if 
transitional activities: perceived walking speed + 
type of activity (just walking, talking, exercising, 
listening to music, walking the dog, walking with a 
baby stroller) – if stationary activities: sitting, 
leaning or eating.  
 
5. CASE-STUDY EVALUATION: APPLYING THE 
ERGONOMIC ASSESSMENT OF THE URBAN 
ENVIRONMENT 

The fieldwork was carried out on February 2021, 
when some of the COVID-19 restrictions were more 
flexibles in São Paulo. Although there was a relevant 
pedestrian movement on the streets, it was lower 
when compared to a pre-pandemic situation.  

The method was applied in each of the 19 
streetscapes (9 for Barra Funda and 10 for Francisco 
Matarazzo) as a spatial scale and on the time scale 
of weekdays at three different hours: 9am, 12pm, 
6pm.  The reason to collect the data only in this 
period is because from the previous in situ test 
analysis of both zones, it was detected that the 
pedestrian’s flow in the region was largely 
composed by workers and thus, the fieldwork 
research took place only at commercial time and 
days. So, the first hour (9 am) represents the entry 
time of these workers in their places, the second 
(12pm), the time of lunch and the third (6 pm), the 
departure time. 

According to the Ergonomic Evaluation, the data 
is collected by an in situ systematic observation 
guided by both quantitative and qualitative 
ergonomic sheets.  

It is important to say that the data collection 
techniques of each step were different. For the 
quantitative step, the researcher has to punctuate 
which physical and environmental variables are 
present or not, marking a simple “x” on the 
correspondent square. On the other hand, the 
qualitative step requires a more extend 
observation. On a time-limit of 5 minutes, the 
researcher stops at a point and quantify the 
number of pedestrians that has passed her/his view 
through separating them on the 4 groups (gender, 
age, disabilities and activities). Since it can be hard 
to document all the pedestrian’s data depending on 
the flux, the qualitative sheet offers a more agile 
way of counting. The count here is performed from 
a single line that forms a square when the number 
reaches 5.   

Another point to highlight is that the collection 
of the empirical data was done in a non-
simultaneous way of all the streetscapes. Since 
there was only a researcher to evaluate all the 
quantitative and qualitative variables, it took about 
three weeks of fieldwork. However, the qualitative 
measurements occurred in sequence. For example, 
to collect the qualitative data of the Rua do Bosque 
(6 streetscapes) on the first hour, the researcher 
started at 9am at the first streetscape (B#1), and 
after 5 minutes, he then proceeded to the next 
streetscape (B#2) and so on. After 30 minutes he 
had all the qualitative data collected for the Rua do 
Bosque.  
 
6. RESULTS  
6.1. Tabulation and data processing 

From the fieldwork, a total of 3000 data were 
collected (both quantitative and qualitative). Before 
analysing them comparatively, all data were 
tabulated in Microsoft Office Excel software. Since 
there were a lot of data and they differed 
depending on the number of pedestrians found in 
that specific streetscape, the Ergonomic method 
suggests to standardize them in the same format. 
Thus, all the data were transformed into 
percentage.  

For the quantitative data, the percentage was 
made from the relationship between the total of 
physical and environmental variables with the 
quantity of this total was positive and negative (this 
quality criteria are already marked in the 
quantitative sheet). It is important to say that the 
positive quality of the quantitative data is called 
“urban kindness” and the negative quality, “urban 
arrogancies”. Those terms were used since the early 
researches of [5] and it focuses on a classification of 
the elements of the urban environment that 
stimulates or discourages walkability, respectively.  

For the qualitative data, the percentage was 
made from the total of pedestrians seen on the 
streets during the 5 minutes limit and how much of 
this total was distributed according to each variable 
(gender, age, disabilities and activities).  

From this step, the method also suggests a 
classification of those percentages (especially for 
the qualitative step) on three possible situations: 
red (the worst situation, values ≤ 40%), yellow 
(regular situation, 41% ≤ values ≤ 59%) and green 
(best situation, values ≥ 60%). This strategy uses the 
same colours as a traffic light and the reason for 
doing this is to facilitate the apprehension of the 
data’s quality in a visual way.  

 
6.2. Comparative analysis 
      The results presented here came from a series of 
systematized comparative analysis in two different 
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scales: macroscale and microscale. The macroscale 
results are the ones that compares both Origin-
Destination Zones in a general way. The microscale 
compares the quality of the streetscapes.  
      Just to point out, the objective here is to show 
the results accordingly to those scales and taking 
into account the questions raised from the 
beginning, before the fieldwork took place: in which 
urban scenarios do a more positive pedestrian 
socio-behavioural profiles appear? Which elements 
of urban space are common among these 
scenarios? How are the urban scenarios in a 
situation where there is not a such large presence 
of pedestrians? 
 
6.2.1. Macroscale results: Barra Funda (BF) Zone X 
Francisco Matarazzo (FM) Zone 

One of the main reasons the ergonomic method 
was applied in this study was to find out if there 
was a difference in the urban built environment – 
considering the presence or absence of pedestrians 
– of two OD zones that were both classified as “high 
walkability” but differed in terms of the 
classification of “displacements on foot” (Barra 
Funda was classified as low displacements on foot 
and Francisco Matarazzo as high).  

When the quantitative data was analysed more 
closely (Fig.3), BF showed 55% of urban arrogancies 
and 45% of urban kindness, while FM showed 49% 
and 51%, respectively. Although the FM 
quantitative scenario was almost the same, in 
qualitatively terms, it presented a majority of data 
being in the best situation (green colour) with 36% 
– the best qualitative situation is when there is a 
greater variety of pedestrians: women, children, 
elderly, people with disabilities walking slowly and 
developing stationary activities. While BF presented 
50% as the worst qualitative situation (red) – 
presenting a majority of male, adult, with no 
disability pedestrians, walking faster and developing 
no permanent activities.  
 
Figure 3:  
Comparative analysis between BF and FM OD zones. 
Source: Authors’ own elaboration.  

 

Considering the macroscale results, not only the 
Barra Funda Zone has shown a lower overall urban 
quality when compared to the Francisco Matarazzo 
one, but also it presented a major qualitative data 
classified as being in the worst situation (red). 
 
6.2.2. Microscale results: streetscapes and street 
classification 

To investigate even further which elements are 
key to the appearance of certain socio-behavioural 
pedestrians’ profiles, the comparative analysis then 
focused on the microscale. In order to achieve that, 
the research divided the analysis according to the 
street classification – between arterial and collector 
roads. By doing that, some discoveries were found.  

The arterial roads in Brazil are streets that allow 
a maximum speed of 60 km/h. They are larger roads 
that usually hold more than two lanes. Besides the 
car lane, it can also present exclusive bus lanes and 
sometimes, bike lanes. So, the spatial scale is bigger 
than the other types of classification.  

The 6 arterial streetscapes (3 from BF and 3 
from FM Zone) presented some agreement 
between the quantitative and qualitative data. In 
other words, the arterial streetscapes that showed 
more urban arrogancies (red), also showed a lower 
socio-behavioural profile (red) (men, adult with no 
disabilities, walking fast and developing just 
transitional activity).         

Another finding was that there were some 
physical and environmental groups that seemed to 
have a significant influence on the appearance of a 
more positive socio-behavioural profile (green). 
Thereby, the groups “Crossing”, “Sidewalk” and 
“Public Infrastructure” seemed to be more decisive 
on the appearance of women, children, elderly 
walking slowly and developing stationary activities 
such as sitting.  

This discovery was possible through the 
microscale comparative analysis of the quantitative 
and qualitative data. When all of the three groups 
presented a majority of urban kindness (green) at 
the same time, the pedestrians showed a positive 
(green) social-behavioural profile. However, when 
only two of them showed more urban kindness 
(green) and the other one, more urban arrogancies 
(red), the social-behavioural profile tended to be 
from a medium (yellow) to low (red) level. This was 
not happening with the other 7 quantitative groups. 
This may occur due to the larger scale of the arterial 
roads. Since it was made for a rapid transit 
movement, the physical and environmental criteria 
of urban infrastructure (crossing, sidewalk and 
lighting) seemed to be crucial for the presence or 
absence of pedestrians.  

On the other hand, the collector roads are 
streets that allow a maximum speed of 40 km/h in 

 

Brazil. These types of roads are characteristic to a 
local neighbourhood, smaller and slower. It usually 
connects an arterial road to a local one. For this 
research, 13 collector streetscapes were evaluated.  

If the results for the arterial roads indicated that 
“Crossing”, “Sidewalk” and “Public Infrastructure” 
as the ones that could possibly have a major 
influence on stimulating a positive walkability, for 
the collector roads the groups “Blocks” and 
“Buildings” seemed to be the ones. Using the same 
argument as before, when both of them presented 
a majority of urban kindness (green), the social-
behavioural profile was green. There were 
situations when the three groups (from the arterial 
roads) were classified as urban arrogancies (red) for 
the collector roads, “Blocks” and “Buildings” groups 
as urban kindness (green) and still, the social-
behavioural profile was positive (green). Maybe it 
can be inferred that because of its smaller scale the 
building’s use and occupancy of the collector’s 
street matters significantly for the pedestrians. 
They are more responsible in attract or repel the 
pedestrians in a smaller scale since those two 
groups deal with the urban elements that correlates 
to attractivity and accessibility criteria, such as mix-
used buildings, active façade and ground floor 
permeability.  

 
7. CONCLUSION 

Having said all the above, from this finding, it 
was possible to affirm that how the built 
environment is presented visually through its 
streetscapes to the pedestrians has a deeper 
relationship to its power to attract or repel them. 
There are various urban elements that can have this 
power but what is decisive is how those elements 
combine with each other in the urban built 
environment.  

The studies have also shown that the street 
classification also matters since the spatial scale 
changes too. The arterial roads seemed to present 
pedestrians developing more transit activities and 
the collector roads seemed to present pedestrians 
developing more permanent activities.  

Thus, this research has shown that areas of high 
walkability and low displacements on foot tend to 
present not only streetscapes of lower 
environmental quality but also a more negative 
social-behaviour pedestrian’s profile (low diversity 
on gender, age, and urban activities), while areas of 
high walkability and high displacements on foot 
presented more women, children and seniors 
walking slowly and even developing on site 
activities such as sitting and chatting. 

It is possible to conclude that the application of 
Ergonomics in cities can be fostered, not only as a 
theory, but more importantly as a method for 

assessing the quality of the built environment of 
cities, especially those on developing countries such 
as São Paulo. In Brazil, the concept of ‘streetscape’ 
is not used and known, but through this research it 
has turned out to be a valuable tool. The main 
reason is that it has worked here as a visual 
synthesis between the material elements of the 
urban built environment and the subjective 
elements of pedestrians. Both ‘Ergonomics’ and 
‘Streetscape’ proved to be useful as a mean of 
assessment of the urban built environment focusing 
on the human needs, comfort and well-being. That 
said, the pandemic recovery requires the 
participation from all sectors of society. The 
university-society knowledge transfer is essential in 
this process. Thus, the lessons learnt during this 
research can be used to provide guidance for 
policymaking in São Paulo, especially in a post-
pandemic scenario, contributing to increase urban 
resilience towards a public crisis. 
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