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Foreword

What a pleasure it is today, to write the foreword for a book like this, given the
immensity of the questions we are all facing.

This book talks about environmental comfort and focuses, in particular, on vulner-
able populations. It gives the floor to different experts from the Global South, with
the validated results of their research, providing its structure.

Today, to discuss environmental comfort, in the broadest sense, is to consider all
the contexts in which a project is developed: climatic, hydric, vegetation, societal,
economic, technological, etc. More specifically, both inside buildings and in outdoor
public spaces, it is to study and interconnect several objective-measurable physi-
ological phenomena (air temperature, air movement and speed, relative humidity,
the activity of the individual and their clothing, air quality, daylighting and sound)
and a series of subjective psycho-sensory phenomena (the atmosphere of a garden,
the presence of water, the architectural quality, the acoustic protection from external
noises, the colors of the environment, the smell of the vegetation, the cleanliness,
and the company of the people…).

On the other hand, this work of reference is imperiously engrained within the
sustainable development framework, placing humankind at the heart of this concern.

By definition, sustainable architecture is ethically engraved in its environments
(contexts), it benefits from their advantages, it protects itself from their disadvantages,
it helps them benefit from what it generates, and, ultimately, it protects them from
its own troubles.

Thus, new architecture can be born: the location is judiciously chosen, the plan-
ning is perfectly defined (mixed functions, mixed populations, and public meeting
spaces), the energy design is optimal (summer-winter), the water issue is considered
in its entirety (economy, rainwater, natural water cycle), the materials are chosen,
respecting the environment and health, the design is thought out, taking into account
the waste from the construction site and the end of the building’s life.
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viii Foreword

Thus, this book is a guide for the entire construction sector and helps to respond
to ever more pressing issues such as climate change, energy needs, and the comfort
needs of occupants.

I would like to thank all the authors for the quality of this book.

October 2022 André De Herde
Professor Emeritus

Université catholique de Louvain
Director Emeritus

Architecture and Climate
Research Group

Louvain-la-Neuve, Belgium



Preface

The concept of environmental comfort is complex. It can be observed from different
areas and is dynamic, evolving throughout history as it addresses social, technolog-
ical, economic, and cultural evolution. Cultural, social, and economic factors, among
others, are fundamental to understanding comfort holistically.

In recent years, environmental comfort has made relevant advances through
research and the development of standards and policies at the international level.
However, in the specific case of the Global South, where the countries with the
highest levels of income inequality are concentrated, environmental comfort has
its own characteristics and challenges that prevent a clear understanding from the
established vision of the Global North.

As researchers linked to environmental comfort, we have found that in the Global
South, there are regional barriers that entail approaching environmental comfort
from other prisms, with angles tied to social, economic, and cultural realities and
even industrial, technological, and constructive development.

However, as researchers in the Global South, we often tend to look at the Global
North and believe that there are not many references outside the north, even though
the diversity of aspects we have in common –climatic, geographical, social, etc.–
confront us with common challenges.

It is precisely from this line that the idea of this book arises, at a latitude of
36°49’41”S and longitude of 73°3’5”W, where the group of editors of this book
forms the “Environmental Comfort and Energy Poverty” research group and actively
participates in the teaching of the Masters in Sustainable Habitat and Energy Effi-
ciency and the Doctorate in Architecture at the University of Bío-Bío, with students
and graduates from a variety of Latin American and Caribbean countries.

After several generations of graduates, we have found that the progress made
is often undervalued or even worse, unknown by peers and/or actors of the built
environment in our own countries. This is even though, in recent decades, efforts have
beenmade by countries, political leaders, and researchers in the southern hemisphere
to begin addressing these issues from our reality.

This is whywe find it pertinent to collect part of this progress andmake it available
to a diverse public, not necessarily experts but those interested in finding ways to
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x Preface

improve the quality of people’s liveswithout harming the environment. Therefore, the
goal of this book is twofold. First, it seeks to broadly contribute to the development
of the concept of environmental comfort, to visualize how from the Global South,
progress has been made in understanding the concept from a culturally rooted vision.

Secondly, the book seeks to reach engineers, architects, and researchers from
developing countries interested in environmental comfort and its influence on energy
consumption, energy poverty, and other related factors, as well as decision-makers
and public policy developers associatedwith the indoor comfort of buildings, making
the knowledge generated and applied to this side of the world available.

How to Approach This Book

Our approach in this book has been an attempt to address the main barriers to envi-
ronmental comfort in the Global South, collecting concepts, theories, arguments,
strategies, and tools in a way that leaves them open for discussion, criticism, and
understanding.

Environmental comfort is a broad concept still in development, and of which we
do not fully know the barriers and how to overcome them. Hence, the concepts and
ideas presented in this book are not the definitive answer but rather a first step to
recognizing other realities that have their own characteristics and that, therefore,
require new reflections. Where possible, we have tried to include the main barriers
that are important to address to improve environmental comfort in buildings in the
Global South as well as references to many original sources and key thinkers. A
careful reading of these ideas may take some time, and we invite you to look at the
sources we cite to reflect yet further. We also hope you will identify common aspects
and references in countries with similar realities.

Finally, we would like to encourage you to think critically about the barriers,
concepts, and ideas presented in this book to reach your own vision using your own
social and cultural reality. As we have already indicated, this book is not a definitive
text where solutions to all existing problems on environmental comfort are proposed,
but rather it should be read as part of the evolutionary process of comfort in buildings
in the Global South.

Concepción, Chile
October 2022

Laura Marín-Restrepo
Alexis Pérez-Fargallo

María Beatriz Piderit-Moreno
Maureen Trebilcock-Kelly

Paulina Wegertseder-Martínez
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What Are the Barriers to Environmental
Comfort in the Global South?
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Abstract Environmental comfort in buildings is a dynamic concept involving archi-
tectural, physical, environmental, aswell as sociocultural, economic, geographic, and
other variables. Today, the Brandt Line is still valid for establishing geographical dif-
ferences in developments for sustainability, energy efficiency, renewable energy use,
climate, altitude, emissions, and access to energy, and for identifying the barriers
to environmental comfort. The current gaps in most Global South cases start from
historical inequalities, along with geographical, topographical, cultural, and climatic
singularities. There have been many and very varied barriers found. However, it
is possible to highlight the ones the authors consider are the most important. The
concepts related to environmental comfort and sustainable development goals and
objectives have mainly been developed in the Global North, meaning for the Global
South their definitions require not just conceptual adjustments but also new means
of assessment and measurement. As a starting point, the actions and measures being
implemented must include local efforts and advances, their available resources and
capacities, and, in particular, each country’s technological, economic, and social
context. The chapters included in this book contribute in this sense.
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1 Introduction

Environmental comfort is relatively novel as an area of study. Its beginnings are linked
to the Modern Movement and the introduction of air-conditioning systems within
architecture. In 1902, when Willis Carrier invented air-conditioning in New York,
looking to keep constant humidity, companies became interested in this invention
to reduce problems of high humidity rates in their industrial processes. However,
they were not initially interested in making temperatures more tolerable for their
workers [1]. However, in 1906, Carrier began to exploit the potential of his invention
for spaces with high occupation and little or no ventilation, such as theaters, even
though it was not until 1920 that the general public experienced air-conditioning for
the first time. From that moment, air-conditioning became an industry, and the first
scientific research on thermal comfort was made. In 1923, Houghton and Yaglou
[2] worked with the concept of climatic comfort in their study, “Determining lines
of equal comfort”, forming part of what today is known as American Society of
Heating, Refrigerating andAir-Conditioning Engineers (ASHRAE). In 1956, Carrier
launched awindow air-conditioning unit, and this type of installation reached homes,
even affecting the demographics of the US, with the population in the hottest parts of
the country, from Florida to California, rising from 28 to 40%, the so-called “North
to South” effect. This influence continues today in cities like Dubai and Singapore.
In the 1960s, Victor Olgyay [3] and Baruch Givoni [4] laid down the theoretical and
scientific guidelines for human comfort within bioclimatic architecture. It is because
of all this that “comfort” has been traditionally associated with thermal comfort.

However, the definition of comfort is complex and varies greatly depending on
the area addressing it, be this engineering, architecture, psychology, sociology, or
anthropology. This complexity grows further when the social, cultural, political,
economic, climatic, and technological realities behind the definitions are radically
distinct or start fromdifferent levels [5].Nevertheless, as a starting point for this book,
environmental comfort is considered the psycho-physical well-being of people in an
environment related to the sensorial perceptions of an individual. It is determined
then by factors linked to the environment, such as temperature, humidity, sound, and
light [6]. Therefore, environmental comfort typically incorporates four parameters:
thermal comfort, indoor air quality (IAQ), acoustic comfort, and visual comfort.

Currently, the main challenges facing the construction sector, such as energy
consumption, energy poverty, and climate change, among others, are all linked, in
one way or another, to the concept of environmental comfort [7], which is closely
tied to the geographic location [8, 9]. For example, in 2018, it was shown that the
United States and China represented 54% of the 1932 Terawatts per hour used by
residential and commercial air-conditioning devices, which is the equivalent of the
annual electricity consumption of Africa. However, Africa is the region of the world
that is most exposed to the effects of climate change, even though its inhabitants are
the ones who have contributed least to it, as they mainly find themselves in energy
poverty, linked to access to energy, and therefore, find it impossible not just to reach
a suitable environmental comfort, but to cover their basic energy needs [10].
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Unfortunately, this is just one of the examples of the great contrasts between the
Global North and the Global South regarding environmental comfort.

2 Global South

The “North-South” terminology arose from an allegoric application of categories
to name patterns of wealth, privilege, and development into broad regions, initially
driven by the ItalianMarxist, AntonioGramsci, in his essay “The SouthernQuestion”
about the differences between the north and south of Italy. Starting from here, the
North-South concept began to be included in the international political lexicon, and
in the 1980s, the Brandt Line was developed as a means to show how the world was
geographically divided between the relatively wealthy andmuch poorer nations [11].

In this sense, the term, “Global South”, refers to zones with a relevant background
of colonialism, neo-imperialism, and differential economic and social changes
through which major inequalities remain in the living levels, life expectancy, and
access to resources [12]. In general, the Global South refers to regions outside
Europe and North America, most with low incomes or substantial economic and
social inequalities, which are mainly located in the tropics and the Southern Hemi-
sphere, with the exception ofAustralia andNewZealand. However, this classification
is questionable, as countries like Chile, Uruguay, and Costa Rica have a per capita
GDP above the international average, while countries like Ukraine are now found
among the set of poorer countries [13]. Even so, the evidence suggests that the Brandt
Line is largely intact, as the states of the Global South are just as unsatisfied as they
were four decades ago, while differentiated growth rates are remodeling world poli-
tics without eroding the North-South divide [14].

Although this division was made from a political point of view, it has been seen
that, climatically, there are also relevant differences between north and south, finding,
in general, countries with the highest level of horizontal solar radiation in the Global
South (see Fig. 1), alongwith thosewith the highest temperatures (see Fig. 2), ormost
of those with the highest altitude cities (see Fig. 3). In this sense, it is important to
highlight that more than 120 million people live above 2500m, with all the countries
with over a million inhabitants living at this altitude, in the Global South, with 7 of
them in Latin America and the Caribbean [15]. Altitude is an additional factor that
needs to be considered in the Global South.

These climatic differences have been fundamental for understanding architecture
and its means of adapting to the climate. Examples of this are the Wind Towers or
windcatchers in Iran, the house-courtyard of Arabian architecture for regions with a
warm-dry climate, vernacular buildings built with heavy earthen walls in adobe or
bahareque in tropical climates, intermediate zones that protect against the sun but
use the wind for cooling, and architecture with solar protection elements or venti-
lated facades. This way of adapting architecture, generally to warm climates, unlike
the Global North countries, which have less radiation and lower temperatures, is
a differentiating aspect that must be considered further. However, in general, the
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Fig. 1 Global horizontal irradiation (kW h m2). Own preparation using [16]

Fig. 2 Air Temperature at 2 m above ground level (◦C). Own preparation using [16]

standards developed in recent decades, the energy rating processes, and the sustain-
ability certifications are linked to cold climates and countries with a high economic
level.

During the 1973 oil crisis, fears emerged in countries associatedwith the reduction
of energy sources and energy dependence. To face this situation, they would launch
incentive programs to reduce energy consumption, with energy efficiency standards
later emerging. However, they were all developed in Global North countries. There
were also advances in the Global South, such as the programs linked to energy
efficiency in Mexico, which began in the 1980s. But it would not be until 2006 that
Mexico would begin the Standardization and Labeling Program within the Energy
Efficiency Project, and in 2008, issue the Law for Sustainable Energy Use. This
shows that between the first experiences in energy efficiency standardization issues
in the Global South and Global North, there is a time lag of approximately 30 years.
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Fig. 3 Countries where more than a million inhabitants live above 2500m. Own preparation using
[15]

In the last two decades, noticeably many countries from the Global South have
fosteredpolicies and regulations on access to energy, energy efficiency, and renewable
energies, as can be seen in the Regulatory Indicators for Sustainable Energy (RISE)
scores of Fig. 4. The RISE scores provide a snapshot of the policies and regulations
of a country in the energy sector, organized by the three pillars of sustainable energy:
access to energy, energy efficiency, and renewable energy. It can be seen that despite
the efforts and the progress there has been, there are still important gaps in the South,
mainly in Africa and the Caribbean, with the energy efficiency indicator having the
largest difference. This is addressed in greater detail in Chap. 29.

Access to quality energy, the production of renewable energy, energy efficiency,
and international cooperation to facilitate access to energy-related research and tech-
nologies, promoting investment in clean technologies and energy infrastructure,
expanding infrastructure, and improving technology to provide modern and sustain-
able energy services for everyone in developing countries, are the goals of the United
Nations’ Sustainable Development Goal N◦ 7 “Affordable and Clean Energy”, and
are a priority for Global South countries, linked to improving people’s environmen-
tal comfort conditions. On the other hand, the goals described by the International
Energy Agency [19] establish that, for 2050, more than 85% of buildings are zero-
carbon ready, more than 90% of heavy industrial production is low emissions, and
almost 70% of electricity generation globally is from solar PV and wind. In the same
report, it indicates that

For many rich countries, achieving net-zero emissions will be more difficult and costly
without international cooperation. For many developing countries, the pathway to net zero
without international assistance is not clear [19, p. 25].

http://dx.doi.org/10.1007/978-3-031-24208-3_29
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Fig. 4 Regulatory Indicator for Sustainable Energy (RISE) by countries. Own preparation using
[17]

Fig. 5 CO2 emissions per Capita 2019 (Ton/per Capita). Own preparation using [18]

However, the goals do not consider that in the Global South, there are already
many countries whose CO2 per capita emissions are very close to zero (see Fig. 5),
showing a very different reality to most northern countries and, in general, this is
not because of high energy efficiency, but rather an issue of access. It must be kept
in mind that, in 2020, there were still 773 million people without electricity [20].
Furthermore, we do not know how many people live under conditions of low or zero
environmental comfort on not having access to suitable air-conditioning systems, or
simply not being able to use them due to energy poverty. Because of all this, the
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objectives and/or goals marked out by the Global North are very difficult to reach
without external financing or developing low-cost technologies for the Global South.

On the other hand, the Global South’s socioeconomic context also implies dif-
ferent climate adaptations and responses to the “need” for comfort. Facing a lack
of economic resources, extreme weather conditions in many cases, and the impos-
sibility of hi-tech solutions, there is a better adaptation to the environment, namely
personal actions that require little or no energy prevail in those places where they
cannot afford or do not have access to it. To a certain extent, there are other priorities
in the Global South.

As such, it is fundamental that the actions and measures being implemented,
whatever their nature may be, must have as their starting point the local advances
and efforts, the available resources and skills, and, especially, the technological,
economic, and social context of each country.

3 Barriers to Environmental Comfort in the Global South

The beginnings of environmental comfort are relatively recent, linked to the intro-
duction of air-conditioning systems in buildings in the Global North, and related to
themain challenges of today for the construction sector. The definition of the concept
is complex and varies depending on the social, cultural, political, economic, climatic,
and technological variables. However, the methods, tools, and standards generally
used in the Global South come from the Global North. In addition, there are common
barriers related to geopolitical, economic, development, geographical, cultural, and
social aspects, among others, that transcend the concept of environmental comfort
but undoubtedly also affect it in many cases.

Although the Brandt Line is over 40 years old, considering the developments in
sustainability, energy efficiency, renewable energy use, and other aspects related to
environmental comfort, its territorial demarcation seems to be valid inmost countries
for these issues, also tying in with climatic, altitude, emissions, and access to energy
aspects.

Currently, in the Global South’s Indicators for Sustainable Energy, a relevant gap
compared to the North is seen, which also suggests that for many countries of the
South, it is impossible to reach the Sustainable Development Goals or the Net-Zero
goals by 2050. The current gaps in most Global South cases start from geopolit-
ical, economic, technological, and social-historical inequalities. The result is the
barriers linked to environmental comfort, such as problems accessing energy, the
use of contaminating energy sources, limited use of air-conditioning systems, a lack
of energy infrastructure, low technological levels, high demand for housing, low
standard self-builds, low labor quality, a lack of information on the building stock
(thermal properties, use profiles, etc.), a lack of training for professionals on matters
related to environmental comfort and energy efficiency, a lack of resources for devel-
opment, high indoor and outdoor contamination, urban re-densification processes,
and a major impact of climate change on the region.
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Climate, socioeconomic conditions, and access to energy have a relevant impact
on how environmental comfort and the Heating or Eating effect are faced in certain
areas of the extreme Global South. This has meant that passive architecture and
especially bioclimatic strategies associated with the thermal aspect and user comfort
have been taken to the extreme inmany cases, identifying important limitations when
facing climate change and, on the other hand, being less developed on issues related
to acoustic and visual comfort. On the other hand, the lack of environmental comfort
regulatory requirements, or the importing of comfort requirements outlined for other
climates and other construction, social, and economic realities, has also been seen as
an important barrier in theGlobal South, given that these generatemajor performance
gaps.

Climate change has and will continue to have a very relevant impact on the South-
ern Hemisphere, entailing, in many cases, a reduction of environmental comfort con-
ditions, and in others, an increase in energy consumption caused by the widespread
penetration of HVAC systems. Likewise, it has been seen that researchers have a
particular interest in researching and developing low-cost tools and measures that do
not increase users’ energy dependence or that are easy to use for designers. However,
in some cases, a disconnect in the design of the user, the architecture, and the climate
has been described, as well as the designers’ lack of knowledge of environmental
comfort. It has even been discovered that the application of sustainability certifica-
tions in buildings does not imply that users have a better perception of environmental
comfort.

ManyGlobal South countries are building andmodernizing their regulatory frame-
work to improve environmental comfort in buildings. However, these processes,
as their starting point, are using the Global North’s developments of the last four
decades, without fully addressing the technological, economic, and social context
of each country, for different reasons. It is fundamental that the programs, laws,
requirements, and procedures focused on demanding environmental and energy per-
formance, are socially and economically acceptable in the current and future local
reality.

On the other hand, the implementation of regulations on environmental comfort
has barriers associated with the investment, the lack of awareness campaigns, a lack
of agreements between parties, legislative progress, and the creation of verification
and control processes, aspects that need greater political commitment and interna-
tional support, mainly from the Global North. In addition, the new regulations are
closely conditioned by housing shortages, and, therefore, define low demands for
environmental comfort, to reduce public investments. In other cases, they focus on
reducing demand and not improving environmental comfort through passive systems,
thus fostering user energy dependence. In this vein, there are also barriers regarding
investment in education and research, focusing attention on other priorities. Finally,
there is a lack of connection between researchers and practitioners, between and
within countries.

Ultimately, it must be emphasized that there are more and greater barriers in the
Global South to improving environmental comfort in buildings than in most Global
North countries. The concepts have been developed in theGlobalNorth,whichmeans
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that their definitions often do not face the realities of the Global South, entailing not
just adjustments for the concepts but also new ways to evaluate and measure them.
The chapters in this book contribute in this sense.

4 An Overview of the Content

This book has been structured considering the four parameters of environmental
comfort: Thermal comfort, Indoor air quality, Visual comfort, and Acoustic comfort
and its relationshipwith energy use and energy efficiency, seeking to address different
barriers to environmental comfort.

Although the isolated study of comfort is a gap in itself, this structure shows
the different angles of the topic, where clearly efforts have focused on the thermal
aspect, perhaps fairly, because of its historical background and the specific climate
challenges that countries are facing in the Global South.

Weather conditions and their variability in the Global South, and even within
countries themselves, finding large countries with a great diversity of conditions,
with deserts, coasts, mountains, forests, jungles, paramos, etc., and where often
climate change is having a greater impact than in the Global North, is a relevant gap.
Thus, the first two parts are dedicated to thermal comfort.

In Part I, with contributions fromCosta Rica, Peru, Ecuador, Indonesia, Israel, and
Chile, there is research on different building typologies, such as homes, schools, and
offices. They assess the thermal environment and its perception in tropical, desert,
Meso-Andean, and other climates. Part II has research from Argentina, Colombia,
Mauritius, and Oman, on passive systems and resources for architectural and biocli-
matic design, and studies of adaptive thermal comfort as a tool.

In Part I, Porras-Salazar et al., in Chap. 2, address vernacular architecture in
Costa Rica, assessing the thermal performance of adobe and bahareque buildings to
determine whether the thermal mass is effective in maintaining indoor temperatures
within acceptable limits in the tropical climate zone. In contrast, Resano et al., in
Chap. 3, focus on Peru, where despite being on the tropical strip, a large part of
the population lives 3000m or more above sea level in the Andes and is exposed
to intense, cold climatic conditions. This study monitored the thermal performance
of a typical Meso-Andean rural dwelling and proposed bioclimatic strategies for a
context of resource scarcity.Meanwhile, Vivanco and Trebilcock, in Chap. 4, explore
the thermal performance of educational buildings in different typical Andean tropical
climates, including the Coastal Lowlands, the Andean Highlands, and the Amazon
Rainforest in Ecuador, a context where thermal performance depends solely on the
architectural design and occupant behavior.

However, in the Global South, there are many cases where air-conditioning sys-
tems are being incorporated into buildings to improve thermal comfort by eliminat-
ing the principles of tropical or vernacular architecture in contemporary buildings,
as shown by Hilma et al. in Chap. 5. They focus on the current challenges of using air
movement to improve thermal perception in Indonesia’s warm-humid climate. Since,

http://dx.doi.org/10.1007/978-3-031-24208-3_2
http://dx.doi.org/10.1007/978-3-031-24208-3_3
http://dx.doi.org/10.1007/978-3-031-24208-3_4
http://dx.doi.org/10.1007/978-3-031-24208-3_5
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in some cases, the use of mechanical systems is unavoidable, especially in extremely
arid climates such as deserts, Kruger et al. explore in Chap. 6, whether thermal per-
ception can be improved by using low-cost systems for evaporative cooling, such as
ceiling-mounted radiant panels coupled to a roof pond.

On the other hand, inGlobal South countries, sustainable certification systems that
aimat reducing the use of resources and the impact of the buildingon the environment,
as well as integrating criteria for improving indoor environmental quality, are starting
to be used. In this vein, Trebilcock et al., in Chap. 7, compare occupant satisfaction
and comfort between conventional and certified office buildings in Chile.

Moving onto Part II, de Schiller, in Chap. 8, presents bioclimatic design strate-
gies at a layout and morphological level to reduce energy demand while promoting
comfort, energy efficiency, and the implementation of solar energy in social housing
in 8 Argentinean climates.

The warm coastal region and the colder central plateau of Mauritius are taken as a
case study by Gooroochurn in Chap. 9 to review passive measures tested in tropical
climates and identify barriers that have prevented their widespread adoption.

Al-Khatri reviews, in Chap. 10, the potential role of adaptive actions to satisfy
thermal comfort demands in public buildings, becoming a tool for reducing energy
consumption. He also explores the application of artificial intelligence to help this
process.

The threefinal chapters in this section describe bioclimatic design tools, emphasiz-
ing passive design for improving thermal comfort.Maristany andArrieta, inChap. 11,
introduce an adaptivemodel for homes in non-extreme climates, applied inArgentina.
Evans, in Chap. 12, describes the bioclimatic design resources developed over the
last 50 years and presents a graphic tool to help designers to use climate data and
comfort limits in the initial design stages. Similarly, inChap. 13, Rendon et al. present
an adaptation of Le Corbusier’s Grille Climatique to Tropical climates, the Tropical
Climate Matrix, a graphic tool for the first stages of building design, tested in two
cities in Colombia.

Part III is devoted to IAQ. Molina et al. describe, in Chap. 14, the strategies
to improve indoor air quality in Latin American buildings, outlining metrics for
determining the most important airborne contaminant sources and the variables that
affect IAQ. In this line, and considering the increasing need for indoor air quality
control, particularly in hot countries, Kruger and Diniz evaluate in Chap. 15 a low-
cost, responsive air-renewal system in a climate chamber equipped with a standard
split A/C unit.

Part IV focuses on chapters that address visual comfort and daylight, circadian
stimulus, the development and evaluation of metrics, and the design of lighting
strategies for classrooms and office environments from Colombia, Brazil, and Chile.
Arango-Díaz and Piderit-Moreno, in Chap. 16, suggest a new dynamic daylight
metric for the Tropics based on the local context and people’s perception. Likewise,
in Chap. 17, daFonseca et al. explore the most commonly used daylight metrics and
their application in Brazil, a different context from where they were developed.

With building design in mind, Palarino-Vico and Piderit-Moreno describe, in
Chap. 18, daylighting strategies to achieve visual comfort in side-lit office spaces,

http://dx.doi.org/10.1007/978-3-031-24208-3_6
http://dx.doi.org/10.1007/978-3-031-24208-3_7
http://dx.doi.org/10.1007/978-3-031-24208-3_8
http://dx.doi.org/10.1007/978-3-031-24208-3_9
http://dx.doi.org/10.1007/978-3-031-24208-3_10
http://dx.doi.org/10.1007/978-3-031-24208-3_11
http://dx.doi.org/10.1007/978-3-031-24208-3_12
http://dx.doi.org/10.1007/978-3-031-24208-3_13
http://dx.doi.org/10.1007/978-3-031-24208-3_14
http://dx.doi.org/10.1007/978-3-031-24208-3_15
http://dx.doi.org/10.1007/978-3-031-24208-3_16
http://dx.doi.org/10.1007/978-3-031-24208-3_17
http://dx.doi.org/10.1007/978-3-031-24208-3_18
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proposing strategies for three Chilean cities with different climates, prevalent skies,
and daylight availability. However, daylight is not always guaranteed for existing
buildings in the Global South. For this reason, in the final chapter of this section,
Chap. 19, Piderit-Moreno and Palarino-Vico study the circadian stimulus potential
in Chilean offices that lack windows for daylight and rely only on artificial lighting.

For acoustic comfort, Part V of the book includes advances regarding noise control
and the acoustic design of flexible learning spaces. In Chap. 20, Gutierrez andMarin-
Restrepo review themost frequent noise sources and architectural design decisions in
multi-residential buildings in the tropics that affect acoustic comfort, identifying the
situations to avoid, those to promote, and proposing mitigation and control activities
to implement when they occur, with particular focus on preventing sleep disturbance.
A different approach is presented by Ipinza et al. in Chap. 21, reviewing acoustic
design regulations and recommendations with a greater emphasis on sound quality,
so necessary in flexible learning spaces.

Part VI, Energy Use and Energy Efficiency, includes contributions on the impact
of urban re-densification, energy performance, and energy optimization in buildings,
as well as ventilation, passive measures, and climate change, and studies on the
use of air conditioning systems, from Ecuador, Argentina, Colombia, Peru, Brazil,
Uruguay, and Chile.

In Chap. 22, Montes-Villalva et al. use simulation tools to explore the impact of
urban re-densification on solar access, lighting demand, and energy poverty in high-
rise dwellings in Ecuador, establishing maximum height recommendations. Finding
a balance between comfort and energy savings is the challenge addressed by Arballo
et al., in Chap. 23, via a multi-objective optimization tool applied in office buildings
in Argentina. Montoya et al. focus on naturally ventilated classrooms in Colombia,
and in Chap. 24, they assess the effect of thermal and visual comfort strategies on
energy performance. Resano, in Chap. 25, and Callejas et al., in Chap. 26, propose
local constructive solutions to optimize thermal comfort and energy efficiency in low-
income housing in the desert climate of Peru and the Brazilian Tropical Savannah
climate, respectively. Similarly, Pereira-Ruchansky and Perez-Fargallo, in Chap. 27,
focus on social housing in Uruguay, evaluating passive design measures using the
time in thermal comfort as an indicator in the context of climate change. Finally,
in Chap. 28, Munoz et al. built representative housing heating profiles based on
environmental monitoring in Central-Southern Chile.

Part VII, the last part of the book, gathers reflections on the concept of environ-
mental comfort: how to define it, how to measure it, how to assess it, and how to
improve it. First, Chap. 29 describes existing policies and standards for environmen-
tal comfort in the Global South, specifically in Latin America and the Caribbean,
providing a context for the following chapters. In Chap. 30, Diaz et al. start from
the idea that thermal, acoustic, and visual comfort and indoor air quality should be
assessed with a holistic approach. Furthermore, they identify and classify strategies
to ensure indoor environmental quality in school classrooms, proposing a workflow
for their incorporation in school design. Garcia et al. propose in Chap. 31 a qual-
itative study looking at comfort and habits of domestic life, seeking to extend the

http://dx.doi.org/10.1007/978-3-031-24208-3_19
http://dx.doi.org/10.1007/978-3-031-24208-3_20
http://dx.doi.org/10.1007/978-3-031-24208-3_21
http://dx.doi.org/10.1007/978-3-031-24208-3_22
http://dx.doi.org/10.1007/978-3-031-24208-3_23
http://dx.doi.org/10.1007/978-3-031-24208-3_24
http://dx.doi.org/10.1007/978-3-031-24208-3_25
http://dx.doi.org/10.1007/978-3-031-24208-3_26
http://dx.doi.org/10.1007/978-3-031-24208-3_27
http://dx.doi.org/10.1007/978-3-031-24208-3_28
http://dx.doi.org/10.1007/978-3-031-24208-3_29
http://dx.doi.org/10.1007/978-3-031-24208-3_30
http://dx.doi.org/10.1007/978-3-031-24208-3_31


12 A. Pérez-Fargallo and L. Marín-Restrepo

traditional approaches to comfort that tend to ignore complex relationships between
architecture, culture, and place, particularly in the Colombian Andean Tropics.

Salazar Trujillo and Arango-Diaz, in Chap. 32, offer a reflection on what is under-
stood by environmental comfort in the Global South, specifically in the intertropical
strip, and propose a methodological approach to address it, considering economic
and technological constraints.

Finally, in Chap. 33, Marin-Restrepo et al. comment on the main points addressed
in the book, showing howbarriers are removed andpaths are drawn for future research
and progress, with a local perspective that is appropriate to the climatic and socio-
cultural context of the countries in the Global South.
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Thermal Performance Assessment
of Vernacular Earth Buildings in Tropical
Climates: A Case Study in Costa Rica

Jose Ali Porras-Salazar , Jan-Frederik Flor , and Moises Obando Robles

Abstract Thermal mass is a common concept applied in vernacular architecture
to keep internal temperatures comfortable by damping and delaying heat transfer
through the building envelope. However, despite the widespread presence of large
mass buildings in tropical regions, it has been argued in the literature that thermal
mass is not efficient in tropical climates due to the minimal difference between night
anddaytime air temperatures. This study aimed at evaluating the thermal performance
of heavyweight buildings to determine whether the use of thermal mass is effective in
maintaining internal temperatures within acceptable limits. Six adobe and bahareque
buildings with large mass earthen walls were monitored in two tropical climate zones
recording internal and external temperatures in both rainy and dry seasons. Three
performance indicators were used: general temperature damping, peak temperature
reduction, and the proportion of time within 80% thermal acceptability limits. The
results showed that the buildingswere able to dampenpeak high and low temperatures
by an average of 5 ◦C (2.7–9.7 ◦C), reducing peak outdoor temperatures by up to 5 ◦C,
and increasing the timewithin thermally acceptable limits. This chapter demonstrates
the viability of using thermal mass in tropical buildings as a technique for mitigating
global climate change.
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1 Introduction

The design of building envelopes plays a key role in the thermal behavior of build-
ings and has a considerable impact on indoor comfort conditions. Well-insulated
building envelopes can help to reduce the need for heating and cooling. However,
currently, the air conditioning of buildings contributes around 15% of global electric-
ity usage [1]. The energy use in climate-controlled buildings in the Tropics accounts
for 60% alone, thus fuelling climate change with additional CO2 emissions [2–4].
Even though it is generally agreed that the energy consumption of buildings is lower
in the Global South, there is a rising trend due to population growth, urbanization,
and lifestyle changes [5]. Extreme weather events associated with climate change,
such as prolonged heat waves and droughts, have also contributed to a higher energy
demand for cooling [6]. Therefore, reducing energy use in buildings is an important
issue to keep global warming below 2 ◦C.

Vernacular architecture—a term used to categorize methods of construction that
use locally available resources to address local needs [7]—is widely acknowledged
as having successfully adapted to the prevailing climate of its surroundings via trial
and error. Vernacular buildings use passive environmental control methods that make
them comfortable and energy efficient [8]. Thermal mass is a common cooling tech-
nique in vernacular architecture. It indicates how much mass a building has and,
therefore, how much heat it can store. The benefit of thermal mass for indoor ther-
mal comfort is its potential to buffer outdoor air temperature and reduce internal
temperature peaks [9]. A building with a large mass can absorb heat from solar radi-
ation and the air during the day and release it at night, providing “inertia” against
temperature fluctuations.

Many studies have shown that thermalmass is an effective cooling strategy.Givoni
[10] monitored buildings with different mass levels in South California under differ-
ent ventilation and shading conditions. The author found that on an extremely hot
day—outdoor maximum of 38 ◦C—, the indoor maximum temperature of the high-
mass building was only 24 ◦C. Using simulation models, Shaviv et al. [11] estimated
that in four coastal cities in the Middle East—Nahariya, Geva Carnel, Tel Aviv, and
Gaza—it is possible to achieve a reduction of 3–6 ◦C in a heavyweight building. Gau-
thier et al. [12] analyzed 451 questionnaires made in 26 buildings within the SCAT
project and found a significant relationship between building fabric heat capacity
and occupants—thermal perception.

However, several studies have postulated thermal mass as an inappropriate design
strategy for passive cooling in tropical climates [1, 13]. The main reason given is
that the temperature differences between day and night are low. In contrast to what
is widely predicted among scholars, the public opinion among the Costa Rican pop-
ulation is that traditional buildings built with heavy earthen walls have better indoor
thermal conditions than those built nowadays with light materials. The widespread
presence of vernacular adobe or bahareque buildings in Costa Rica underpins the
apparent discrepancy between theory and practice.
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The question then arises as to whether high thermal mass earthen wall construc-
tions in tropical climates are able to provide acceptable indoor thermal conditions.
In order to answer these questions, this research monitored the indoor thermal per-
formance of six adobe and bahareque buildings located in different tropical climatic
zones in Costa Rica. To evaluate the thermal performance, three indicatorswere used:
(i) general temperature damping, which is the difference in degrees Celsius between
outdoor and indoor temperature oscillation, (ii) peak temperature reduction, which
is the difference in degrees Celsius between the maximum outdoor and indoor tem-
peratures, and (iii) the proportion of time within the 80% thermal acceptability limits
according to the ASHRAE 55-2017 standard [14]. These indicators have been estab-
lished in previous studies and, therefore, allow for objective comparison [11, 15].

The importance and originality of this study are that it explores the potential of
traditional building techniques to enhance thermal comfort in tropical climates that
are increasingly relying on energy-intensive mechanical air conditioning. The tropi-
cal region has higher temperatures than the rest of the world, and as their economies
develop, their people will demand higher thermal comfort standards with an asso-
ciated increase in energy consumption. Thus, understanding how passive cooling
techniques work and under what circumstances they are effective is crucial to mini-
mizing the use of mechanical cooling. Providing alternative solutions to a region that
is home to 40% of the world’s population and includes some of the world’s largest,
most populated, and fastest-growing economies—e.g., India, Brazil, Nigeria, and
Indonesia—is, therefore, of significance.

2 Methods

One of the most well-known tools for assessing the thermal performance of ver-
nacular buildings is the in-situ measurement method. This method has been applied
previously by many researchers in Taiwan, India, Nigeria, Saudi Arabia, and Japan
[16–20]. Thus, a case study approach was adopted using in-situ measurements with
dataloggers to understand the thermal conditions of buildings over a prolonged time-
frame. An overview of the research workflow is shown in Fig. 1.

Fig. 1 Methods Flowchart
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2.1 Case Studies

The case study presented in this chapter focuses on adobe and bahareque, two raw
earth construction techniques with high thermal mass that have been widely used in
Costa Rica. Bahareque walls are constructed from interwoven sticks or reeds that
are then covered in mud, while adobe walls are formed of bricks made of a mixture
of clay, sand, silt, and straw that are dried in the sun. These construction methods
becamepopular during the timeof theSpanish colony, from the 16th century onwards,
although earth construction techniques had been used since ancient times by Costa
Rica’s indigenous people. Adobe and bahareque buildings were mainly built in the
center and northwest of Costa Rica [21], which were the sites that housed the main
colonial settlements. Its application was particularly convenient due to the accessi-
bility of materials close to construction sites and their low cost. However, after an
earthquake that affected several adobe buildings in 1910, this construction technique
was banned. The use of bahareque was also prohibited in 1974 [22]. Consequently,
the vast majority of earth buildings in Costa Rica nowadays were built before those
years, which is also the case for the buildings investigated in this study.

A total of six buildings were chosen for this case study using the following eligi-
bility criteria: The foremost important factor was the integrity and original state of
the building to ensure that the environmental measurements would predominantly
represent the performance of earthen building envelopes. Buildings with too many
modifications using modern materials were discarded during pre-screening visits.
The second determining factor was accessibility during the measurement periods.
Four out of the six buildings chosen were residential houses; therefore, the owners’
consent had to be obtained to make site visits and measurements.

Another aspect of importance for themethodological approachwas the location of
the buildings. To answer the researchquestion, underwhich environmental conditions
of tropical climates do earthen buildings provide better interior thermal conditions,
the study surveyed buildings in different climate zones. According to the climate
classification of Köppen-Geiger, Costa Rica’s climate belongs to the tropical group
with three distinctive subgroups (Aw, Af, and Am) [23].

To account for the characteristics of Costa Rica’s climatic variance, case study
buildings were located across the territory in different climate zones. Comparability
of the results was ensured by limiting the maximum distance between the case study
buildings in each zone to less than 5 km. Accordingly, case study buildings CC1 and
CQ1 were located in Cartago and Quircot, in the province of Cartago, representing
the tropical monsoon climate (Am) with dry subtropical winters. HSD1 and HSD2,
located in Santo Domingo, Heredia, were in the same climate zone (Am). Buildings
LG1 and LG2 found in Liberia, Guanacaste, were chosen as representative case
studies for the tropical savanna climate with dry-winter characteristics (Aw). Due
to the geographical distribution of the earth buildings, none of the case studies was
located in the tropical rainforest climate zone (Af). Figure 2 shows pictures and
Table 1 provides basic information about each of the selected case study buildings.
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Fig. 2 Case study earth buildings from left to right, CC1 and CQ1 in Cartago, HSD1 and HSD2
in Heredia, GL1 and GL2 in Guanacaste

Table 1 Data summary of case study buildings

Code Location Geographical
location

Meters
above sea
level (m)

Building
typology

Building
footprint
area (m2)

Building
Envelope
Earth
Ratio
(*wall
only) (%)

Earthen
walls con-
struction
method

CC1 Cartago,
Cartago

9◦51′N,
83◦55′W

1443 Terraced
family
house

215 16 (*55.4) Bahareque

CQ1 Quircot,
Cartago

9◦53′N,
83◦55′W

1486 Church 173 35 (*85.7) Adobe

HSD1 Santo
Domingo,
Heredia

9◦58′N,
84◦5′W

1150 Terraced
family
house

140 13 (*55.1) Adobe

HSD2 Santo
Domingo,
Heredia

9◦58′N,
84◦5′W

1135 Terraced
family
house

119 19 (*59.1) Adobe

GL1 Liberia,
Gua-
nacaste

10◦38′N,
85◦26′W

143 Terraced
family
house

238 27 (*69.7) Adobe

GL2 Liberia,
Gua-
nacaste

10◦38′N,
85◦26′W

143 Church 355 36.8
(*94.1)

Adobe
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2.2 Architectural Survey

A prerequisite for the environmental measurements was to conduct a qualitative
case study. Hence, none of the buildings chosen had previously been investigated in
detail. Consequently, construction plans or information about building modifications
were not available, but for the measurements, it was considered crucial to identify
those parts of each building with the original earthen building fabric. Therefore, a
detailed architectural survey was carried out based on the description and image
approach [13], documenting the building conditions in-situ with measured drawings
and photos. The combined information was later used to generate three-dimensional
models and provide criteria to determine the exact location of the measurement
devices.

2.3 On-Site Measurements

Environmental measurements were taken directly in the occupied case study build-
ings to understand how earthen wall constructions regulate internal temperatures.
To assess whether different seasonal weather patterns would affect the thermal per-
formance, the environmental conditions were monitored in the dry—January and
February— and rainy season—October. These periods were chosen considering the
historical climate data of Costa Rica [24]. Each buildingwasmonitoredwith datalog-
gers for several days in all three periods. However, due to logistical requirements and
a limited amount of dataloggers, during the rainy season, buildings were monitored
chronologically, one after the other, while during the dry season, the buildings were
monitored simultaneously. This approach allowed placing, during the rainy season,
twelve dataloggers in each building, increasing the spatial distribution and obtaining
a more comprehensive picture of the thermal performance. While during the dry
season, the focus was set on the effect of the weather conditions depreciating spatial
resolution in favor of enhanced data comparability, placing only two dataloggers in
each building. Table 2 shows the measurement periods for each building.

Table 2 Measurement periods for each case study building

CC1 CQ1 HSD1 HSD2 GL1 GL2

03/10–
09/10/2010

10/10–
16/10/2010

19/09–
25/09/2010

26/09–
02/10/2010

17/10–
23/10/2010

24/10–
30/10/2010

13/01/2011 13/01/2011 13/01/2011 13/01/2011 13/01/2011 13/01/2011

13/02–
19/02/2011

13/02–
19/02/2011

13/02–
19/02/2011

13/02–
19/02/2011

13/02–
19/02/2011

13/02–
19/02/2011



Thermal Performance Assessment of Vernacular Earth Buildings … 23

Fig. 3 Positioning of dataloggers in the case study buildings (October measurement period)

The placement of the dataloggers followed the EN 13799 standard [25], placing
the dataloggers at 1.1–1.7m above the floor. Figure 3 shows key plans for each of
the case study buildings with the location of the dataloggers during the rainy season.

Once the dataloggers were marked, placed, and launched, the indoor air tem-
perature, humidity, and illuminance were recorded. However, only the temperature
measurements were processed for this study. During the monitoring periods, the resi-
dents andmanagers operated the building openings as usual, and all other occupation
activities were carried out normally. The outdoor conditions were also monitored
with the same type of dataloggers placed outside, covered from rain and direct solar
radiation.

2.4 Measurement Equipment

The equipment used for the environmentalmeasurements consisted of twelveHOBO,
model U12-012 type mobile dataloggers. The parameters measured were tempera-
ture and relative humidity with an accuracy of±0.35 ◦C from 0 ◦ to 50 ◦C and±2.5%
from10% to 90%RH, respectively. The resolution for the temperaturemeasurements
was 0.03 ◦C at 25 ◦C and 0.05% RH for the relative humidity measurements. Illumi-
nance was recorded in a range of 0 to 32,000 lx. All twelve devices were calibrated
previously by the supplier. The logging frequency was set at 10min. The HOBOware
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monitoring data software (Version 3.7.23) was used for programming and launching
the dataloggers, reading out, and plotting.

2.5 Statistical Analysis

To estimate if the differences between (i) outdoor and indoor temperature oscillation
and (ii) outdoor and indoor peak temperature were statistically significant; first, a
normal Q-Q plot and a Shapiro-Wilks test with a P-value criterion of 0.05 were used
to decide whether the data subjected to statistical tests were normally distributed. As
the results showed that the data under both conditions were normally distributed, an
unpaired two-sample t-test was used with the statistical significance set at p = 0.05.
The data were assumed to be independent even though the same buildings were
measured in different months.

The effects of outdoor temperature oscillation on (i) indoor temperature oscilla-
tion and (ii) peak indoor temperature damping were estimated using different linear
models: linear, quadratic, cubic, and LOESS. The model with the highest prediction
accuracy—determined by the highest determination coefficient (R2) and the low-
est Mean Absolute Error (MAE)—was selected. Statistical analysis was performed
using R software (version R 4.1.3).

3 Results and Discussion

Table 3 summarizes indoor and outdoor conditions measured for seven consecutive
days per season in each building. Cartago (CC1 and CQ1) was the coldest site,
with an outdoor temperature range of 14.1–28.5 ◦C in February. Indoor temperatures
ranged from 16.5 to 24.9 ◦C. Heredia presented outdoor temperatures from 16.2 to
29.1 ◦C and indoor temperatures from 20.4 to 27.5 ◦C. Of all three, Guanacaste was
the warmest site, with outdoor conditions ranging from 22.2 to 35.8 ◦C and indoor
temperatures from 23 to 33 ◦C. Inter-seasonal oscillation of outdoor temperatures at
all sites was below 15 ◦C, characteristic of tropical climates. In the case of outdoor
relative humidity, values ranged from 40 to 100% at all sites. The indoor relative
humidity range was smaller in Cartago (62–90%) and Heredia (60–82%) and higher
in Guanacaste (46–97%). Coinciding with the rainy season, October was the most
humid month for all sites.

The temperature and humidity data collected during each monitoring period were
consistent with typically prevailing seasonal trends in the chosen sites. Hence, moni-
toring in October reflected the characteristics of the rainy season, and measurements
in January and February mirrored the characteristics of the dry season.

The difference between outdoor and indoor temperature oscillation across all
seasons is shown in Fig. 4a. There is a significant difference (p < 0.001) between
the mean outdoor temperature oscillation (mean = 10.3 ◦C, sd = 2.7 ◦C) and the
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Table 3 Summary of indoor and outdoor temperature and relative humidity conditions for each
case study building

Code Location Month Indoor conditions Outdoor conditions

Tmin
(◦C)

Tmin
(◦C)

RHmax
(%)

RHmin
(%)

Tmin
(◦C)

Tmin
(◦C)

RHmax
(%)

RHmin
(%)

CC1 Cartago October 24.9 19.4 85 67 25.9 15.7 95 58

CC1 Cartago January 20.5 18.3 90 78 22.0 15.6 97 74

CC1 Cartago February 23.7 19.0 81 62 28.5 14.1 94 48

CQ1 Cartago October 23.3 17.5 89 71 28.2 15.5 96 51

CQ1 Cartago January 19.6 17.0 90 77 24.3 14.9 97 63

CQ1 Cartago February 22.4 16.5 86 67 26.0 14.1 94 48

HSD1 Heredia October 27.5 21.6 82 63 29.1 16.2 95 57

HSD1 Heredia January 22.8 20.4 79 69 24.9 17.5 89 60

HSD1 Heredia February 24.2 20.6 79 61 28.1 17.1 93 48

HSD2 Heredia October 27.5 21.6 82 63 29.1 16.2 95 57

HSD2 Heredia January 23.3 20.7 77 65 23.3 17.6 90 65

HSD2 Heredia February 24.5 21.0 78 60 25.6 17.3 93 78

GL1 Guanacaste October 31.8 24.9 87 65 32.6 23.0 95 61

GL1 Guanacaste January 30.8 26.4 66 53 32.7 25.1 73 48

GL1 Guanacaste February 33.0 25.2 69 46 33.8 22.8 78 45

GL2 Guanacaste October 32.1 23.0 96 65 35.6 22.2 98 43

GL2 Guanacaste January 30.1 25.5 70 54 32.2 24.9 73 49

GL2 Guanacaste February 31.2 24.7 69 50 35.8 22.7 79 41

Tmax: Maximum Temperature
Tmin: Minimum Temperature
RHmax: Maximum Relative Humidity
RHmin: Minimum Relative Humidity

mean indoor temperature oscillation (mean = 5.0 ◦C, sd = 2.0 ◦C). The buildings
were able to dampen peak high and peak low temperatures by an average of around
5 ◦C during the three monitored periods. The damping range fluctuated from 2.7 to
9.7 ◦C. A similar trend was observed for the variation between peak high outdoor
(mean = 28.8 ◦C, sd = 4.2 ◦C) and peak high indoor temperatures (mean = 26.3 ◦C,
sd = 4.3 ◦C) (Fig. 4b). Up to 5 ◦C lower indoor temperatures were measured, as can
be seen in Fig. 5b. However, this difference was not significant (p = 0.08).

This 5 ◦C maximum peak temperature reduction is small if compared to, e.g., the
14 ◦C measured by Givoni in South California [10]—Hot-summer Mediterranean
climate (Csa) according to Köppen-Geiger—, and the same can be said about the
temperature oscillation damping. At first sight, these findings seem to be consistent
with what many researchers have postulated; that thermal mass as a cooling strategy
is not so efficient in warm-humid climates [13].

However, the results are similar to those obtained by researchers inMiddle-Eastern
cities also with Mediterranean climates (Csa). Saleh et al. [15] monitored three
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Fig. 4 Boxplot showing differences between a indoor and outdoor temperature oscillation at the
six sites, b peak outdoor and peak indoor temperatures. The data correspond to the averages of a
week (7 days) of measurement with Hobos U12-12 at each site and in each season of the year. Each
data point represents the measurements of a building during a season. Jitter was used to prevent
data points from overlapping

heavyweight residential apartments during the summer season in Lebanon, find-
ing that temperature fluctuation was reduced from 9 ◦C outdoors to 4 ◦C indoors and
that internal day temperatures were 2 to 4 ◦C cooler. Shaviv et al. [11] used computer
simulations to examine the effect of thermal mass on buildings located in several
coastal Middle-Eastern cities finding that it is possible to achieve a reduction of
3–6 ◦C.

Building use patterns may provide a credible explanation for the discrepancies in
thermal performance. The case study buildings—and in general, tropical high thermal
mass buildings—are more permeable than their counterparts in arid and semi-arid
climates, and owners tend to ventilate them naturally both during the day and at night.
Therefore, indoor temperatures, albeit dampened through the effect of the building’s
thermal mass, follow the same pattern as the exterior. Another aspect that could have
influenced these results is that the roofs, which are the parts of the building that
receive most solar radiation and represent more than 40% of the building envelope
surface, were built with low thermal mass materials. This constructive particularity
could have additionally contributed to an accelerated heat transfer [26].

As proof of this hypothesis, Fig. 5a shows that indoor temperatures (ITO) are
linearly related to outdoor temperatures (OTO) (Model: ITO = 0.49 OTO–0.07, R2:
0.66, MAE: 1.2). The higher the outdoor temperature differential between day and
night at the location, the higher the internal temperature oscillation. The difference
between the indoor and outdoor temperature peaks (DP) can also be explained partly
by the outdoor oscillation, as shown in Fig. 5b. The outdoor temperature oscillation
can explain up to 57% of the variability of the temperature peak (Model: DP = 0.35
OTO–1.076, R2: 0.57, MAE: 1.2). These findings are underpinned by similar results
discovered by [11] for the highest indoor temperature, which was found to depend
linearly on the site’s difference between day and nighttime temperatures.
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Fig. 5 Relationship between a outdoor and indoor temperature oscillation. Temperature oscillation
was estimated as the difference in ◦C between mean maximum temperature and mean minimum
temperature; b outdoor temperature oscillation and peak temperature damping. Peak temperature
damping is the difference in ◦C between maximum outdoor and maximum indoor temperatures.
Mean maximum and minimum temperatures were estimated from data collected for 7 days at each
site and in each season. Each data point represents the measurements of a building during a season

Fig. 6 Boxplots showing indoor and outdoor temperature oscillation according to the site (a and
c) and season (b and d). The data correspond to the averages of a week (7 days) of measurements
with Hobos U12-12 at each site and in each season of the year. Each data point represents the
measurements of a building during a season. Jitter was used to prevent data points from overlapping



28 J. A. Porras-Salazar et al.

Fig. 7 Temperature behavior outside and inside the six buildings overlapped with the 80% thermal
acceptability zone. The dashed lines represent the maximum (top) and minimum (bottom) average
outdoor temperatures. The solid lines represent the average maximum (top) and minimum (bottom)
indoor temperatures. The blue zone represents the 80% thermal acceptability zone according to the
adaptive thermal model

Temperature damping was not uniform throughout the year or the sites studied.
The interior oscillation was lower in January and in Heredia and higher in October
and Guanacaste (See Fig. 6a, b). There could be two possible explanations for these
differences. First, October was the month with the highest outdoor temperature fluc-
tuation, and January the month with the lowest (See Fig. 6d), and second, the tropical
climate, often perceived as uniform, tends to differ greatly from one place to another,
despite short distances, due to factors such as orography and height above sea level—
e.g., in Heredia, the interior oscillation is lower than in Guanacaste, regardless of the
time of year (See Fig. 6a).

The indoor and outdoor temperature behavior of the six buildings and its rela-
tionship with the thermal acceptability zone—calculated according to the adaptive
comfort model [14]—is illustrated in Fig. 7. In all buildings, the envelope acts as
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Table 4 Percentage of annual hours where the temperature at each case study city is above and
below the 80% thermal acceptability limits

Percentage of annual hours where outdoor air
temperature is:

Cartago,
Cartago
(CC1,
CQ1) (%)

Santo
Domingo,
Heredia
(SDH1,
SDH2)
(%)

Liberia,
Gua-
nacaste
(GL1,
GL2) (%)

Above the upper 80% acceptability limit 0.2 0.3 24.0

Below the lower 80% acceptability limit 56.6 44.2 6.7

Percentage of annual hours between 8 a.m. and 8 p.m.
within the 80% thermal acceptability limits

84.0 92.0 76.0

Note: The 80% thermal upper and lower acceptability limits were estimated according to themethod
specified in the ANSI/ASHRAE 55-2017 Standard: Thermal Environmental Conditions for Human
Occupancy [14]. For each case study city, an Energy PlusWeather file (epw) was interpolated using
Meteonorm 8.0

a buffer, keeping the internal temperature within a smaller range than the outer.
It should be highlighted that the bandwidth between the maximum and minimum
temperature conditions narrows toward both extremes.

However, the buildings in Heredia are the only ones that, during both seasons, are
within the thermal acceptability zone. This could be attributed not only to the thermal
mass but also to the favorable conditions of the local climate. Table 4 shows that in
Heredia, the percentage of hot hours—above the upper 80% acceptability limit—
throughout the year is less than 1%; while the percentage of cold hours—below
the lower 80% acceptability limit—is 45%. Between 8 a.m. and 8 p.m., more than
90% of the time, the internal conditions are situated within the thermal acceptability
zone. From this, it could be inferred that the envelope of the two buildings studied in
this region could be accumulating heat during the day—when outdoor temperatures
are comfortable—and releasing it at night—when dropping below the comfortable
limits.

According to the Adaptive model, the temperatures in Guanacaste are 24% of
the time above the thermal acceptability zone—upper 80% acceptability limit—and
despite the buffering in the hottest hours, indoor temperatures are not comfortable.
However, it can be seen that in January, when temperatures are lower, the indoor
temperatures of the two buildings located in this area are within the comfort range.
Therefore, damping is still beneficial.

In contrast to Guanacaste, the opposite occurs in Cartago, temperatures are low at
night, and despite the damping provided by the buildings, releasing heat accumulated
during the day at night, the coldest hours are outside the thermal acceptability range.
A solution would be to supplement the thermal mass with direct radiation for a short
period to improve the interior thermal conditions at this location. The combination
of thermal mass and passive heating is a common strategy in upland tropical climates
such as Cartago [9].
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3.1 Limitations

This research has several limitations, with the main ones listed below:
(i) Due to the method chosen—case studies— it was not possible to isolate the

effects of thermal mass. Some factors could not be controlled across all buildings,
such as orientation, wall shading, window area, and pattern of use. These elements
may affect the rate of heat transfer and the efficiency of thermal mass [27] and might
account for the discrepancies found in the thermal behavior of, e.g., churches and
family houses in Cartago and Guanacaste.

(ii) Thermal lag—peak delay—is also a good indicator of massive building per-
formance [28]. However, this could not be estimated with the data available.

(iii) The mean radiant temperature (MRT) was not measured due to a lack of
instruments. Therefore, to determine thermal acceptability limits, it was assumed
that the MRT and air temperature were equal, which is not necessarily true. Due to
the effect of thermal mass and ventilation, it is likely during the first hours of the day.
The temperature of the walls was lower than that of the air, while the opposite might
have happened at night. Future studies should include the measurement of MRT to
better approximate thermal comfort conditions.

(iv) A better understanding of the thermal behavior of heavyweight buildings
would be possible by comparing them to lightweight buildings located in the same
areas, as well as by completing the case studies with computer simulations studies
where some of the prior limitations can be overcome.

4 Conclusions

This study set out to determine whether the use of thermal mass in tropical climates
increases thermal comfort or not. The thermal performance of six vernacular earth
buildings was evaluated, monitoring four houses and two churches in both dry and
rainy seasons. The results showed that the buildings were able to dampen peak high
and low temperatures by an averageof 5 ◦C(range: 2.7–9.7 ◦C).Outdoor temperatures
were reduced by up to 5 ◦C at their peak, and the timewithin the thermal acceptability
limits was increased.

The results of this research support the idea that thermal mass can significantly
enhance the interior thermal comfort conditions of tropical buildings. However, the
achievable improvements cannot be compared with the thermal behavior of archety-
pal desert dwellings, widely used by academics to represent thermal mass. In the
Tropics, due to the climatic conditions, the inside-outside relationship, and thus,
ventilation, is part of daily life and the way of living, and, therefore, a determining
factor in how buildings will perform. As a result, this study rejects the common
argument that thermal mass does not work in the Tropics; it just works differently.
This new understanding should help to recalibrate expectations of thermal mass’s
impact on thermal comfort in the Tropics and open avenues to reintroduce this passive
strategy to the repertoire of climate-continuous architects in the Global South.
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However, the generalizability of these results is subject to certain limitations. For
instance, due to the in-situ measurement method, thermal mass effects on thermal
performance could not be isolated. Additionally, due to the limited equipment and
data, radiative effects and thermal lag were not assessed. Notwithstanding these lim-
itations and the relatively small sample, this work offers valuable insights into the
thermal performance of earthen, large mass buildings in the Tropics. A natural pro-
gression of this work would be to investigate the impact of user patterns idiosyncratic
to the Tropics and analyze their effect on thermal mass as a passive strategy. More
broadly, further research is also needed to determine how these high thermal mass
buildings would perform in progressing climate change scenarios to ensure future
readiness.
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Bioclimatic Comfort Strategies
for Typical Meso-Andean Dwellings
in Peru

David Resano , Rodolfo Rodríguez, Oscar Guillen, and Ana Galarza

Abstract The Himalayan and Andean mountain ranges are home to some of the
highest cities on Earth. According to National Geographic, the highest city in the
world is La Rinconada, which is located 5000m above sea level in the Peruvian
Province of Puno. Peru is home to 17 of the 109 world cities located 3000m or more
above sea level with more than 1000 inhabitants. Despite such extreme climatic con-
ditions, the dwellings in these locations do not provide thermal comfort, which can
cause respiratory diseases and sometimes lead to premature deaths. An examination
of the distribution of the Peruvian population in the Andes shows that most live
between 3000 and 4000m above sea level in the strip known as the Meso-Andean
zone. It is a rural area with a low socioeconomic level. This study describes the
construction of a typical dwelling in the Meso-Andean rural area and monitors and
analyzes its hygrothermal behavior for 1 year. It includes a discussion of the barri-
ers to thermal comfort in the Peruvian Meso-Andean. Several bioclimatic comfort
strategies are proposed based on the indoor and outdoor climate.
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1 Introduction

Due to the geographical location and topographical altitude, several Peruvian regions
suffer from extreme weather. The Andean highlands are home to 17 of the 109 world
cities located 3000m above sea level (masl) with more than 1000 inhabitants. The
Andes and the Himalayan Mountain ranges have the largest number of high-altitude
inhabited municipalities. According to National Geographic, La Rinconada in Peru
at 5099m above sea level is the highest city on the planet [1]. Despite the extreme
geographic and climatic conditions,most of the dwellings in Peru have a conventional
construction and are not fit for the climatic conditions. Every year, people who live
in the high-altitude areas of the Andes in Peru suffer from diseases derived from cold
or frost, which can lead to premature death.

Historically, the materials used by Andean cultures to build their settlements have
been stone, wood, and vegetable fibers. Evidence of this has been found in archae-
ological remains, such as those found at Kuelap (Chachapoyas culture, eleventh
century, 3000 masl) and in the Inca settlements at Machu Picchu (Inca culture, fif-
teenth century, 2420 masl). According to the Sociodemographic Profile of Peru, [2],
the prevailing materials used in housing construction are brick for facades (55.8%)
and reinforced concrete (42.8%) for roofs. After brick, adobe is the most common
wall material (27.9%) with corrugated metal or cement fiber panels used for roofing
(39.2%) [2, p. 297]. This data shows the constructive reality for the country in gen-
eral, with brick and slabs predominating in urban areas, and adobe and corrugated
panels being used in rural areas (see Fig. 1).

Fig. 1 Prevailing materials for Peruvian dwellings [2]
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Currently, Peruvian housing construction generally lacks bioclimatic criteria and
construction solutions that have been adapted for the country’s climatic diversity.
In Peru, there are eight bioclimatic zones distinguished according to their tempera-
ture, relative humidity, wind speed and direction, solar radiation, hours of sunshine,
precipitation, and altitude. Among them are four cold climate zones located in the
Andes, classified by their topographic height as follows: Internandina Baja (2000 to
3000 masl, 12 municipalities), Mesoandina (3000 to 4000 masl, 69 municipalities),
Alto Andina (4000 to 4800 masl, 29 municipalities), and Nevado (> 4800 masl, 17
municipalities) [3].

The Meso-Andean strip of Peru has 69 municipalities, the highest number in the
country. In this study, a typical dwelling located in Altos de Poclús 3086 masl),
in the Andean Plateau of Piura, has been used as the case study. Figure 2 shows
an aerial view of this municipality. To improve the quality of life and increase the
region’s socioeconomic development, it is important to understand the construction
and climatic behavior of these dwellings. This is the first step before proposing design
strategies to help improve thermal comfort.

Fig. 2 Altos de Poclús, 3086 masl. Frías District, Ayabaca Province, Piura Region, Peru
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2 Methodology

The main objective of this study is to establish the most relevant bioclimatic design
strategies to be applied to a typical Peruvian Meso-Andean dwelling to overcome
barriers to thermal comfort. To do this, the study consists of four phases: typological
and constructive analysis of a typicalMeso-Andean dwelling, climate analysis, a dis-
cussion of bioclimatic strategies based on indoor comfort, and conclusions regarding
the main barriers to thermal comfort in these dwellings.

The first phase considers two sources, the national statistical data on buildings in
Peru [2] and the measured and redrawn data from a typical dwelling in the Meso-
Andean area of the Piura region (Altos de Poclús). This is used as the model to
specify functional issues and the constructive execution for this type of dwelling.

The outdoor climate data is taken from meteorological station number 104097,
located in Altos de Poclús, which is owned by the Peruvian National Service for
Meteorology and Hydrology (Senahmi). This data complements sensors installed
inside and outside the model dwelling to monitor temperature, relative humidity,
and soil temperature. A FLIR-T540 camera has been used to take thermographic
photographs.

The bioclimatic design strategies are for annual humidity and temperature con-
ditions. The Givoni diagram (see Fig. 8) shows the indoor comfort areas (summer
and winter) following the Ashrae 2005 standard, and, where possible, other biocli-
matic strategies will be applied to establish thermal comfort levels. This diagram
was produced using Climate Consultant 6.0 software.

Finally, based on the three previous phases, the study concludes with a summary
of the main barriers to energy comfort considered as most relevant for a typical
dwelling in the Meso-Andean area of Piura.

3 Construction and Typology of Typical Meso-Andean
Housing

For this study, the climatic behavior of a typical rural dwelling at 3,086 masl in Altos
de Poclús, in the Andean Plateau of the Piura region (Peru), has been monitored and
analyzed. The altitude used corresponds to that of the Meso-Andean strip. Beyond
variations in size or room layout, the dwelling has the typical building methods used
in rural Andean areas, with adobe on the walls and metal or fiber cement corrugated
panels on the roofs (see Fig. 3).

Figure 4 shows the Tocto family dwelling’s floor plan and elevations. It was built
with 26-cm-thick adobe load-bearing walls, and a wooden beam structure covered
with corrugated fiber cement sheets. The walls and partitions are load bearing. The
dwelling consists of interior habitable spaces such as bedrooms, kitchen, dining room,
and living room. It has inner non-habitable corridors and storerooms, and next to the
entrance there is a partially covered outdoor patio. Mr. Tocto designed the layout
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Fig. 3 Tocto Family Dwelling in Altos de Poclús, September 2021

considering his family’s current needs and allowing for growth. Thermal comfort
was not considered, as outlined in Sect. 2.

Given that Peru is home to some of the highest populated areas on the planet,
it is remarkable that most dwellings are still without specific thermal insulation or
waterproofing layers. In addition, these dwellings do not have active environmental
conditioning installations either, having, in the best of cases, a wood-burning hearth
or a similar device dedicated fundamentally to cooking, but without consideration
for indoor thermal comfort.

Scarce or low levels of public infrastructure development make it difficult to
implement active energy production systems in these areas. Consequently, bio-
climatic design strategies to achieve indoor comfort are important, as shown in
Sect. 5.

4 Outdoor and Indoor Climate Monitoring

In this section, the monitoring of the outdoor climate and the thermal behavior of the
model dwelling is explained.
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Fig. 4 Floor plan and elevations of the Tocto family dwelling

4.1 Outdoor Climatic Conditions in the Meso-Andean Strip

The climogram in Fig. 5 for Alto de Poclús shows the data collected and reported
by the SENAMHI meteorological station—Ordinary Climatology code 104097, lat-
itude 04◦55′01′′S, longitude 79◦53′25′′W, altitude 3086 msnm, Frias District—for
the Ayabaca Province, Piura Region Basin, and Yapatera River.

The maximum temperature reaches 19 ◦C, while the minimum is above 2 ◦C. The
average temperature of around 10 ◦C is practically stable throughout the year. As for
rainfall, there is a dry season between May and August, with rain falling during the
rest of the year.

4.2 Hygrothermal Behavior of the Typical Dwelling

Figure 6 shows the results frommonitoring the indoor climate of the model dwelling
for 1 year against the outdoor climate. The measurements are monthly absolute
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Fig. 5 Climogram for Altos de Poclús based on data from SENAMI (Station 104097)

Fig. 6 Indoor hygrothermal behavior of the model dwelling compared with outdoor climate. The
values indicated are monthly absolute maximums and minimums. Data from October 2020 to
September 2021

maximum and minimum values with the following parameters: air temperature, soil
temperature at 20 cm, and average relative humidity.
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Fig. 7 Thermal photographs of dwellings in Altos de Poclús. On the left, the reference dwelling
during the middle of the day. On the right, at dawn on October 3, 2020, at 3:43 am

The ground temperature remains almost constant at 12 ◦C, while the air tem-
perature fluctuates widely between day and night. This is a clear sign that the
dwelling has low thermal insulation due to the roofingmaterial. In addition, the indoor
temperature oscillates almost in unison with the outdoor with hardly any lag, due to
the low general thermal inertia in the dwelling. Indeed, the indoor thermal amplitude
is practically the same as the outdoor almost every month, resulting in a thermal
stability coefficient (t.s.c) of around one, typical for constructions without thermal
inertia. During the night, the indoor air temperature is only a couple of degrees higher
than the outdoor, which indicates the poor performance of the dwelling against the
cold. However, the maximum indoor air temperature values during the day exceed
those taken outside. The building collects solar radiation, mainly because of the
roof’s light fiber cement and plastic material, losing it at night.

The thermal envelope of these dwellings has two deficiencies, evident in the
thermographic photographs shown in Fig. 7. Thewalls are not airtight and the ceilings
show a lack of thermal performance.

It is striking that the vertical enclosures of the dwelling have hardly any windows.
As can be seen in Fig. 4, there is only one in the social area on the southeast façade.
This could indicate that the dwelling is airtight but lacks the necessary ventilation to
renew the air. However, in fact, the opposite occurs. The envelope is not airtight, fun-
damentally due to the constructive joints between each element—the roof and walls,
the walls and doors, and between the adobe blocks. The thermographic photograph
on the left in Fig. 7 shows this. This lack of tightness is a barrier to thermal comfort
in such a relatively cold climate.

As for daylight, this enters through the translucent corrugated plastic skylights
that have replaced the usual fiber cement ones, as indicated in red in Fig. 4. The roof
of the dwelling has an area of 360m2, of which the surface of the illuminated ceilings
is 5.6 m2. These translucent roofs help to capture solar radiation, which heats the
interior air in the middle of the day, Fig. 6. However, the roofing becomes a cold spot
at night due to its low mass and thermal resistance. The thermal photograph on the
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right in Fig. 7 shows how the roof reaches radiant temperatures below zero at night
when the outdoor air temperature is between 2 and 6 ◦C (see Fig. 6).

5 Bioclimatic Strategies for the Peruvian Meso-Andean
Strip

This section focuses on bioclimatic strategies to improve the hygrothermal behavior
of a typical Meso-Andean dwelling. It is important to stress the term bioclimatic, as
the goal of this study is not to provide additional energy to improve comfort. Instead,
it is about profiting from climate conditions through construction and architectural
design. This approach is aligned with the global trend toward energy efficiency
to mitigate climate change. In this case, it is also imperative given the scarcity of
economic resources and infrastructure in the Peruvian Andean rural context.

The main design strategies to adapt these dwellings to their climate are shown in
the Givoni diagram in Fig. 8. The summer and winter comfort zones are indicated
in blue, taking the indoor comfort parameters from the ASHRAE 2005 standard
[4]. The diagram shows that the outdoor climate corresponds to comfort conditions
only 2.6% of the time. During the remaining 97.4%, it is necessary to implement
hygrothermal conditioning measures, whether active (46.1%) or passive (51.3%).
Among the passive bioclimatic design measures, the greatest impact is from internal
solar gain (40.45%) and heat capture through thermal inertia (11.85%). These two
bioclimatic measures are related to the specific dwelling in this study.

The Givoni diagram in Fig. 8 and the temperatures indicated in Fig. 6 show how
the maximum temperatures are not an inconvenience, being within the comfort zone
nearly all year round except for July and August. However, the outdoor average
and minimum air temperatures are only comfortable for 225h a year. Consequently,
as mentioned, the most relevant passive strategy to achieve climatic comfort in the
Meso-Andean climate is clear, which is to take advantage of solar gains and limit
energy loss due to the thermal envelope. Indoor comfort is possible almost half
of the year by capturing solar energy. That is why this section mainly focuses on
measures of this type, such as the following five: the layout and orientation of the
outdoor glazed openings, both on façades and roofs; the avoidance of obstacles that
cast shadows on the building; consideration of the thermal properties of the opaque
enclosure, fundamentally the insulation and thermal inertia; an evaluation of the
degree of compactness of the dwellings; and the study of the distribution of the
layout to optimize the location of living spaces.

The next paragraphs discuss how these five measures can be viably implemented
in the type of dwelling studied.

Solar gains could be increased by placing more north-facing windows, for the
coldest months of the southern winter. In this sense, roof skylights are suitable since
they favor solar capture throughout the year [5]. According to Givoni’s diagram, the
solar protection of the facade and roof openings would only be necessary for 19h in
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Fig. 8 Givoni climogram for the Meso-Andean climate indicating the main bioclimatic strategies
and the percentage of annual time where they would be effective (Climate Consultant 6.0)

summer, so it would not be an essential measure. Additionally, natural or artificial
obstacles that produce shade on the glass enclosures should be avoided. The low
temperatures during almost the entire year in the Meso-Andean areas indicate that it
is essential to collect solar heat through windows or skylights at higher topographic
altitudes and that solar gains are welcome all year round.

But this solar capture would be useless without adequate thermal resistance that
allows heat to be conserved until the coldest hours of the day and night. Considering
a thermal conductivity of 0.9 W K/m for adobe, according to data from the RNE-
EM.110 standard, the thermal transmittance (U) of a 26 cm adobe wall is 2.33W/(m2

K). Regarding the 5 mm roofing fiber cement corrugated panel for the thermal con-
ductivity indicated in RNE-EM.110 of 0.225 W K/m, the U-value is 6.16 W/(m2 K).
Undoubtedly, thermal ceiling insulation in this type of dwelling is urgently needed.
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In the second instance, wall transmittance could be reduced, following the thermal
inertia effect, as discussed later. In addition to thermal insulation, another fundamen-
tal measure to conserve the solar radiation captured is to increase the compactness of
dwellings. Reducing the thermal envelope surface considering the volume of interior
space would reduce the heat transfer process gained by radiation between the outside
and inside, and favor heat conservation. The studied dwelling’s interior volume is
782.4 m3, and the envelope surface is 849.7 m2, obtaining a compactness factor of
0.92. It would be advisable to look for compactness levels of at least above one [6].

According to the Givoni climogram, improving thermal inertia would result in a
possible increase of 1045 h/year in thermal comfort. The adobe wall thermal-useful
mass (mtu) is 1.81× 106 kg/J, with a thermal lag (DT) of 4.02 h. Their behavior could
be optimized so that the DT would not arrive until the night hours. Undoubtedly, the
weak point in these dwellings is the roof. The fiber cement sheets used for the roofs
have hardly any thermal mass, 0.18 x 106 kg/J, and their thermal lag is almost zero,
0.16 h. As mentioned in Sect. 2, the current thermal stability coefficient (t.s.c) for the
dwelling is around one, typical of indoor environments without thermal inertia. The
recommendation would be to reduce the t.s.c of the dwelling to 0.5, to ensure that the
indoor thermal amplitude is at least half that of the outside. Using covers with greater
mass could solve this issue. Designing roof construction systems with resistance and
thermal inertia adapted to the socioeconomic levels of these populations would be a
relevant measure to achieve thermal comfort.

The thermal comfort of habitable areas is optimizable through two fundamental
strategies. First, by placing rooms that are not thermally conditioned, such as garages
or storerooms, next to the outside walls facing the predominant winds, which in this
study is southeast. Secondly, the inclusion of sunny and wind-protected yards next
to living rooms would help heat the outdoor air for indoor ventilation.

Finally, it must not be forgotten that above 3000 masl, it is difficult to achieve
comfortable conditions without additional energy inputs. According to the Givoni
climogram, there are 4036 h/year when it is necessary to use active heating systems.
Insofar asmost of these hours correspond to the night and earlymorning, the objective
would be to maximize heat capture by radiation during the day and then transfer it
to the dwelling at night.

6 Conclusions

Asmentioned in the previous section, the analysis of a typicalMeso-Andean dwelling
and its behavior in its climate highlights the need to adopt bioclimatic strategies at
the design stage to achieve thermal comfort. Undoubtedly, some barriers hinder the
implementation of these thermal comfort measures. To improve the quality of life
for the population who live in dwellings in this region, the challenge is to gradually
overcome the barriers with solutions adapted to their socioeconomic and cultural
realities. A discussion of those that are most relevant follows.
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The high altitude is a factor that determines the fundamental parameters of the
climate. The higher the altitude, the greater the need to heat dwellings, and the less
possible it is to achieve thermal comfortwith only passivemeasures. Therefore, active
heating measures become more essential as the altitude increases. However, the low
economic resources of the population in these areas, as well as the lack of energy
infrastructure, constitute energy barriers for conventional active systems. To achieve
hygrothermal well-being inside homes throughout the year at higher altitudes, it
is necessary to study heating systems based on renewable energies, such as solar
radiation.

The construction materials currently used in the dwellings are not suitable for
cold climates. Adobe has good behavior for thermal inertia, but a relatively high
thermal conductivity compared to other insulating materials [7]. The materials used
for the roof are even worse since their thermal resistance is almost zero, and they
also lack thermal inertia. The limit value set by the current Peruvian standard for
voluntary compliance for thermal transmittance in the Meso-Andean climate is 2.36
W/(m2 K) for walls and 2.21 W/(m2 K) for ceilings [3]. The 25 cm adobe walls
have a transmittance rate of 2.33 W/(m2 K) and the corrugated fiberboard ceilings
of 6.16 W/(m2 K). The values for the Peruvian standard are conservative, and yet
still, the construction systems of the current Meso-Andean dwellings are a long
way from complying with them. In this case, implementing thermal insulation in
opaque enclosures, especially roofs, is an essential measure. Without the appropriate
insulation thickness, the possible gains obtained from the capture of solar radiation
would not affect indoor comfort.

In addition, some improvements in how the work is executed are essential. Gen-
erally, Meso-Andean villagers build their own homes, sometimes with the support of
a local builder. It is crucial that they pay attention to fundamental issues such as air
leaks from the thermal envelope. Asmentioned, it is common to leave unsealed joints
where the ceiling meets the walls, where the carpentry meets opaque enclosures, and
even in the construction joints between adobe sections. Therefore, it is necessary
to educate and make the builders and users of these dwellings aware of behaviors
favoring a use regime that improves thermal conditions and indoor comfort.

Peru is a diverse country, where three main ecosystems coexist: the Pacific
desert coast, the high Andean Mountain zone, and the Amazon jungle zone. In fact,
according to the Thornthwaite classification [8], there are 38 different climates in
Peru. Despite this geographic and climatic diversity, statistical studies of Peruvian
dwellings show that their construction does not consider the climate to which they
are exposed. The official bodies do not collect statistical data about weather and
climatic zone information that would help address the relationship between current
construction systems and their suitability from the point of view of thermal comfort.

Undoubtedly, it is necessary to investigate the application of thermal insulation
systems and installations adapted to these climates, as well as the socioeconomic and
cultural reality. Generally, communities dedicated to agriculture, livestock, ormining
live in the Andean areas and do not have the resources or technology to overcome the
barriers to thermal comfort. Investigating insulation, airtightness, and hygrothermal
conditioning systems that are of low cost and a constructive implementation adapted
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to a particular way of life is essential for overcoming the current barriers to thermal
comfort in these dwellings.
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The Thermal Behaviour of Educational
Buildings in the Tropical Andes. A Case
Study of the Millennium Educational
Units of Ecuador

María Isabel Vivanco-Villavicencio and Maureen Trebilcock-Kelly

Abstract Studies show that children are more vulnerable than adults to the effects
of low and high temperatures. They spend a lot of time every day in educational
buildings, making it essential to take steps to mitigate health and comfort risks in
school classrooms. In this context, this chapter addresses the thermal behaviour and
comfort of school buildings located in the tropical Andes. The case study is the
“Millennium Educational Units” (Unidad Educativa Milenio-UEM) school typol-
ogy, which has been built in different climates throughout Ecuador. An evaluation
was made of three UEM cases, which integrated passive strategies, considering the
different climates found in the country. Themethodologywas based on an analysis of
UEMs and their occupants, using observation and evaluating thermal behaviour. The
database used for the analysis was obtained from climate files; the calculation of the
adaptive comfort range and thermal simulation, based on domestic and international
standards. This study demonstrates the importance of including sustainable passive
strategies in educational buildings and thereby contributes to improving the comfort
and performance of its occupants.

Keywords Environmental comfort · Educational buildings · Tropical Andes
1 Introduction

People spend 80–90% of their lives inside buildings [1], hence the relevance of
studying environmental comfort as an important factor for health. In Latin America,
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Fig. 1 UEM Bernardo Valdivieso de Loja Millennium Educational Unit

67.5% of buildings are uncomfortable [1], so there is a need to improve design
processes, construction standards and regulations, as well as to guide their users so
that comfortable and healthy indoor environments can be achieved.

However, studies have shown that children are more vulnerable than adults to the
effects of lowandhigh temperatures. They spend a lot of time every day in educational
buildings, making it essential to take steps to mitigate health and comfort risks in
school classrooms [2]. Studies recommend that standards consider the impact of
both temperature and CO2 levels on perceived indoor environmental quality, as these
affect children’s overall comfort and fatigue levels.

Since 2012, Ecuador has established a public policy to provide school infrastruc-
ture to all the country’s regions. The Ministry of Education and the Undersecretariat
of School Administration—the entity in charge of planning and improving edu-
cational infrastructure—promoted a standardized infrastructure called Millennium
Educational Units (Unidad Educativa Milenio—UEM) (see Fig. 1), to offset the lack
of educational infrastructure in underdeveloped sectors. The aimwas to improve edu-
cational quality and equity. The UEM typology consists of a classroom block that
has been built across the country with little variation in terms of design and build-
ing properties. It has been located in different climatic regions of Ecuador, without
properly assessing its ability to provide thermal comfort to students.

The typologies are based on different education levels with four variants: a Major
Educational Unit with a capacity of 1140 students per day; a Minor Educational
Unit with a capacity of 570 students per day; Multi-teacher Exception Infrastructure
and Two-Teacher Exception Infrastructure [3, 4]. To face the increasing student
demand, the Ecuadorian Ministry of Education built 65 UEMs until 2016, from a
total of 324 UEMs planned throughout the country. According to Ponce and Drouet
[5], the investment in standardized public infrastructure is significant. Each major
UEM benefits 1140 students at a cost of around US$6.3 million, while every minor
UEM benefits 570 students at a cost of around US$4 million. The planning process
includes specific urban planning consultations to determine requirements for services
and urban infrastructure. However, it does not consider aspects of thermal comfort
and climate adaptation.
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This paper aims to assess the integration of passive design strategies to improve
the thermal performance of the UEM classroom block prototype for three natural
regions in Ecuador’s zone 7: El Oro, Loja, and Zamora Chimchipe. It is expected that
this study can contribute to the future development of UEMs with quality standards
that consider indoor environmental quality and student comfort.

2 Methodology

To achieve the goal outlined, the methodology consisted of making thermal simula-
tions of three case studies of Millennium Educational Units and proposing appropri-
ate passive design strategies for each case/climate.

2.1 Case Studies

Continental Ecuador is located on the northwestern coast of South America and is
divided into four natural regions: the Coast Lowlands (Región Costa), Andean High-
lands (Región Sierra), the Amazon Rainforest (Región Amazónica) and the Island
Region (Región Insular), which in this chapter will be referred to as the Coast, Sierra,
Amazon and Insular regions. Several factors such as altitude, the equatorial line and
the Andes mean the country has a variety of climates and microclimates through-
out each of its regions, where temperatures can exceed 38 ◦C and reach as low as
2 ◦C. The three case studies are located in administrative zone 7 in southern Ecuador,
comprising the provinces of El Oro, Loja, and Zamora Chinchipe. This zone is the
only one that covers three natural regions—Coast, Sierra and Amazon—with short
distances between them. The UEMs are not heated or cooled, so thermal behaviour
depends purely on architectural design and occupant behaviour (see Fig. 2 and Table
1). To evaluate the case study, the calculation of comfort range limits is made based
on the ASHRAE 55 adaptive model, considering average outdoor temperatures [6].
It is important to note that in these tropical climates there is no temperature varia-
tion throughout the year, so the annual average temperature determines the adaptive
comfort range (see Table 2).

2.2 Thermal Simulation

With the data obtained from the comfort range limits and the classroom block’s
technical parameters, a thermal simulation analysis was carried out using the TAS
“Thermal Analysis Simulation” software, which allowed diagnosing the thermal
behaviour of each UEM classroom block. Each block has 12 classrooms of 70 m2
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Fig. 2 Location of the case
studies in three climatic
regions of Ecuador’s zone 7

Coast Region
Sierra Region
Amazon Region

EL ORO
Machala

ZAMORA CHIMCHIPE
Zamora

LOJA
Loja

ZONE 7

Table 1 Location of the case studies

Case study City Natural region Admin zone Climate zone
(NEC 2011)

Climate zone
(NEC 2018)

UEM 9 de
Octubre

Machala Coast El Oro ZT6 1

UEM
Bernardo
Valdivieso

Loja Sierra Loja ZT3 2

UEM Arutam El Pangui Amazon Zamora
Chinchipe

ZT5 3

NEC 2011: NEC-11 Chapter 13, 2011 [7]. NEC 2018: NEC-HS-EE, 2018 [8]

that are 4 m high. Each classroom is used by 40 students and 1 teacher in three shifts.
The thermal simulation parameters for each case are detailed in Table 3.

2.3 Passive Design Strategies

The last stage of the methodology consisted of developing a passive design strategies
matrix to improve the typology considering the specific characteristics of each cli-
matic region. The strategies comprised the thermal protection of the envelope (roof,
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Table 2 Climatic data and calculation of comfort range

NATURAL
REGION/City/
Case

Alt. (masl) Tmin (◦C) Taver (◦C) Tmax (◦C) TComfmin
(◦C)

TComfmax
(◦C)

COAST/
Machala/
UEM 9 de
Octubre

5 19.00 25.21 29.15 22.12 29.12

SIERRA/Loja/
UEM Bernardo
Valdivieso

2145 11.50 16.35 21.4 19.37 26.37

AMAZON/El
Pangui/UEM
Arutam

775 17.10 22.80 28.15 21.37 28.37

Note: Data obtained from the National Meteorology and Hydrography Institute—INAMHI
Tmin: minimum outdoor temperature
Taver: average outdoor temperature
Tmax: maximum outdoor temperature
TComfmin: minimum comfort temperature
TComfmax: maximum comfort temperature

Table 3 Parameters for thermal simulation

Location of the UEMs Coast Region Sierra Region Amazon Region

Machala Loja El Pangui

Ventilation systems Natural Natural Natural

Average wind speed
(m/s)

0.31 0.83 0.56

Metabolic rate (MET) 1.30 1.30 1.30

Clothing (CLO) 0.50 1 0.50

Occupancy Monday to Friday
(07:00 to 22:30)

Monday to Friday
(07:00 to 22:30)

Monday to Friday
(07:30 to 20:30)

Window-to-wall ratio
(%)

32.4 32.4 32.4

Floor area (m2) 70 70 70

Wall area (m2) 40 40 40

Window area (m2) 12.9 12.9 12.9

Note: Data obtained from the 2015 Technical Standards for theDesign of Educational Environments

wall, floors and windows), passive solar energy and natural ventilation. This was
developed based on domestic and international regulations.

Using the TAS software tool, the thermal behaviour of the improved educational
units was evaluated and analysed based on the strategies proposed in the matrix,
determining indoor temperatures.
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Fig. 3 Percentage of time within the adaptive comfort range

3 Results

The results of the first thermal simulation of the three cases are shown in Fig. 3.
The percentage of time that the indoor temperature remains within the comfort range
established by the adaptive method [6] for each climate shows important differences
between the three cases. The UEM Arutam case in the Amazon Region has the best
thermal performance with 95.9% of the occupancy time within the 21.37–28.37 ◦C
range. In contrast, UEM 9 de Octubre, located in the Coast Region, has the worst
thermal performance with 70.36% of the occupancy time within the 22.12–29.12 ◦C
range.

According to the simulation, the UEM located in the Coast Region, with indoor
temperatures reaching 38 ◦C, does not adequately reach thermal comfort for its occu-
pants, while the UEMs in the Sierra and Amazon require some improvements. The
application of passive strategies that look to improve the thermal comfort of school
classrooms is key. Passive strategies were proposed based on domestic and inter-
national studies and regulations: Ecuadorian Construction Standard [7], Chilean
Thermal Regulation Standard [9], Energy Efficiency Guide for Educational Estab-
lishments [10] and the Manual for Passive Design and Energy Efficiency in Public
Buildings [11].

A set of different strategies was foreseen, including solar shading, cross venti-
lation, improved thermal transmittance and ventilated walls. The best strategies for
each case are highlighted in Fig. 4.

The results of the thermal simulation are shown in Fig. 5, which compares the
base case against the improved case with passive strategies. The UEM in the Coast
Region, with a comfort range between 22.12 and 29.12 ◦C, showed an improvement
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Fig. 4 Passive strategies matrix for each region
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Fig. 5 Percentage of time within the adaptive comfort range

Fig. 6 Passive improvement strategies for the Coast Region classroom block

of 18.78%, while the maximum temperature dropped from 35 to 29 ◦C. The UEM in
the Sierra Region, with a comfort range between 19.37 and 26.37 ◦C, improved by
13.48%, and was nearly all the time within the comfort range, while the minimum
temperature increased from 14 to 19 ◦C. Finally, the UEM in the Amazon Region,
had a comfort range between 21.37 and 28.37 ◦C, the percentages increased by 2.51%
and the temperature decreased from 28 to 25 ◦C.
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Fig. 7 Passive improvement strategies for the Sierra Region classroom block

Fig. 8 Passive improvement strategies for the Amazon Region classroom block

Regarding the recommendations to improve the thermal performance of UEMs,
Fig. 6 shows that in theCoastRegion, STRATEGY2+3+6,which includes solar shad-
ing, cross ventilation, improved thermal transmittance and ventilated walls, ensures
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comfortable temperature conditions and indoor air renewal, and, therefore, improves
student performance and comfort.

In the Sierra Region, STRATEGY 3, which includes improved thermal transmit-
tance (See Fig. 7), allows increasing the percentage of time that children would be
within the comfort range, avoiding the phenomenon of cold walls, and reducing air
movements.

Figure 8 shows the strategies proposed for the Amazon Region (STRATEGY 2 +
6) that include solar shading and ventilated walls and would allow reducing relative
humidity conditions, which is an important factor in this region.

4 Conclusions

Considering the locations of the study, chosen based on their most extreme climates,
altitude and humidity of the three natural regions of Zone 7, it is concluded that
the UEM typology performs better in the Amazon Region and worse in the Coast
Region. The application of passive design strategies such as solar shading, cross
ventilation, thermal transmittance and ventilated walls allows improving the thermal
performance of UEMs by 18.78% in the Coast Region. Therefore, the application
of passive improvement strategies should be considered, which will serve as a guide
for future standardized UEM construction in Ecuador.

In this context and considering that children are more vulnerable than adults
to high- and low-temperature conditions, it is not appropriate to standardize the
construction of UEMs in Ecuador, since the climatic conditions are different for each
natural region; therefore, there must be a specific design that takes into consideration
aspects such as context and climate and can meet the comfort requirements inside
the classroom.

Finally, this research can contribute as a guide for the applicability of similar
studies for public infrastructure standards of other state entities in the country or
other similar contexts that allow removing environmental comfort barriers.
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Air Movement to Remove Barriers and
Provide Thermal Comfort in the Global
South: A Case Study of a Classroom in
the Warm Humid Tropics, Banda Aceh,
Indonesia

Laina Hilma Sari , Muhammad Luthfi Ghassan, and Abdul Munir

Abstract Warm tropical climates are typical of the Global South. Achieving
thermal comfort in the tropics, especially in a warm humid climate, is challenging
due to its main barrier: the high relative humidity exacerbated by the high outdoor air
temperature. In southeast Asia, such as in Indonesia, traditional dwellings had been
built on stilts, adopting many openings either in walls, gables, or floors to get natural
air circulation. The old architectural designs are relevant for scientific knowledge
as their air movement decreases the relative humidity, hence improving the thermal
comfort sensation. However, providing excellent air movement throughout rooms in
contemporary buildings is arduous with design not considering tropical architectural
principles. This chapter discusses the challenges for adequate air movement through-
out rooms in the tropics. Although buildings in the tropics have been designed to
be naturally ventilated, some have switched to air conditioning. This phenomenon
was assessed using field measurements in an educational building located in Banda
Aceh, Indonesia. Measurements of air velocity, temperature, and relative humidity
were collected, while the air movement was predicted using an ANSYS simulation.
The effect of air movement on thermal comfort was assessed to explore why there
was a shift from naturally ventilated to air conditioning setups.
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1 Introduction

The Global South is quite large and comprises many countries in Africa, the Middle
East, Asia, and the Pacific [1]. In Asia, Global South nations are characterized by
warm tropical climates [2]. The warm climate has a high energy demand for cooling
loads, especially during outdoor temperature peaks [2, 3]. This climate in South
East Asia is primarily humid, characterized by high relative humidity and high air
temperature [4]. Traditional dwellings across the equator, in dealingwith this, give an
excellent lesson on how to copewith the climate. Just as in Indonesia,most traditional
houses in South East Asia have stilt floors and lightweight materials. They havemany
window openings and a clerestory along the top of the roof, as cross-ventilation is
essential for circulating natural air throughout the rooms, pushing the hot air outside,
and reducing relative humidity [5].

However, the current architectural styles have shifted toward modernism by pre-
dominantly adopting a bulky style and using heavy-weight materials and glass. In
many cases, public buildings in the tropics are designed with a sealed façade, resem-
bling buildings froma colder zone. The glass-sealed façade directly rejects the natural
cooling air and daylight. While some others, which are designed in a tropical style,
have also switched to using air conditioning. As a result, the Asian global south
suffers from over-cooling and is expected to triple its cooling energy demand while
doubling its built footprint by 2050 [2].

As mentioned above, air movement is essential to induce thermal comfort. In
addition, our body adapts to the natural environment in some circumstances. This
can be triggered by providing natural airflow to induce a thermal comfort sensation.
However, air circulation has often been disregarded for today’s buildings. As a result,
this chapter discusses the challenges for adequate air movement throughout rooms
in the tropics.

The case study was carried out in classrooms in the engineering faculty’s educa-
tional building, at Universitas Syiah Kuala’ (See Fig. 1). The building is in Banda
Aceh, Indonesia, specifically at 5◦33′28′′N, 95◦19′20′′E. Although the building was
designed to be naturally ventilated, part of it has been shifted to be air-conditioned
under bioclimatic principles. This phenomenon was assessed through field measure-
ments, namely, air velocity, temperature, and relative humidity, while air movement
was predicted using an ANSYS simulation. The effect of air movement on thermal
comfort was assessed to explore the reasons behind the shift from naturally ventilated
to air-conditioned.

Banda Aceh, located in Aceh province, has an average relative humidity of 79%
with two seasons: a dry season (March-August), and a rainy season (September-
February). Its location, close to the equator, has a mean temperature of 28 ◦C, while
temperatures can reach 33 ◦C. The Engineering faculty building was designed with
a tropic-style architectural character with many courtyards to catch the wind and
shading to cool the local environment (See Fig. 1).
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Fig. 1 The façade of the engineering faculty

1.1 Air Movement and Thermal Comfort

In hot and humid climates, air movement is a cheap method. It plays a significant
role in inducing a comfortable indoor climate [6, 7]. Natural air movement can be
achieved by full cross-ventilation and building openings considering orientation and
internal layout, which provides a cooling effect that can enhance evaporation from
the skin’s surface [8].

In Indonesia, the thermal comfort standard is categorized based on Effective Tem-
perature (ET) following the Indonesian National Standard (SNI 03-65722001):

1. Cool comfort—ET between 20.5 and 22.8 ◦C
2. Optimal comfort—ET between 22.8 and 25.8 ◦C
3. Warm comfort—ET between 25.8 and 27.1 ◦C

Zhai et al. [9] indicate that thermal comfort could be maintained up to 30 ◦C and
60% RH in warm tropics with personally controlled air movement.

1.2 Tropic Architectural Design

Atraditional or vernacular dwelling is believed to be adaptive to the local environment
when it creates indoor thermal comfort. Therefore, architectural design in the tropics,
especially in Aceh, where the case study is located, can learn from the traditional
Acehnese house. Acehnese traditional houses are built on stilts running from east to
west. They have many north-facing windows, while south-facing sides are shaded
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with large canopies. The house has lightweight timber walls and a low thermal
transmittance palm leaf roof. Compared to the current Aceh houses built from heavy-
weight materials such as concrete, an Acehnese traditional house can have a lower
indoor air temperature during the day and night.

The traditional house, especially at night, can have an air temperature closer
to the outdoor temperature. Under the same conditions, the concrete house has an
air temperature of up to 5 ◦C above the outside one. As a result, modern houses
mainly have air conditioning installed for night-time indoor cooling, the result of
heat released by the concrete wall, which has a high thermal mass [10, 11].

Iqbal [12] shows that having many windows in Acehnese traditional houses cir-
culates the air thoroughly through the rooms. When the average outdoor airspeed
is 1.86m/s, the airspeed running throughout the openings is around 0.2–1.2m/s,
which is a nice flow felt by the occupant [13]. The ANSYS Workbench simulation
indicated that the westerly wind, which is the fastest incoming air orientation in
Aceh, helps airflow throughout the rooms (See Fig. 2).

2 Research Method

This study used quantitative research, collecting data from field measurements and
running a simulation in ANSYS Workbench. The thermal comfort measurements
were made in naturally ventilated and air-conditioned rooms. The windows of the
Engineering Faculty building, the case study, had been sealed using glass and plastic
sheets to optimize the air conditioning system’s operation. Only the classrooms on
the second floor were unsealed and operated a hybrid operation, i.e., air-conditioned
and naturally ventilated (See Fig. 3). Hence, the study measured the rooms specified
on the second floor, namely, A1, A2, A3, A4, and A5 (See Fig. 4).

The data collected in this study are Air Temperature (Ta) and Relative Humidity
(Rh), which were measured by a Wet Bulb Globe Temperature (WBGT) meter.
Another parameter was Air Velocity (Av), measured by a hot-wire anemometer.
Due to the limited time and tools, the measurement was made only on sunny days
from 8.00 to 16.00, once the rooms were empty. The evaluation uses ET applied
in the Indonesian Standards to determine thermal comfort standards. ET views a
combination of Ta, RH, and Av, creating the thermal sensation.

To indicate ET, the Wet Bulb Temperature (WBT) value is needed, which is
defined by tracing the Ta and Rh on the psychometric chart (See Fig. 5a). Ta is also
known as Dry Bulb Temperature (DBT). Further WBT, DBT, and Av are outlined in
the Nomogram Effective Temperature (Basic-0.5 clo, the usual clo value in Aceh) to
indicate the Effective Temperature (ET) (See Fig. 5b).

An airflow simulation is also run to evaluate airflow and the amount of air received
by the rooms. The simulation is run in Ansys Workbench, which is a CFD simula-
tion. In particular, ANSYS Fluent, a computer-aided software for Computational
Fluid Dynamics (CFD) was used to model fluid flow and heat transfer in complex
geometries.
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Fig. 2 The airflow in an Acehnese traditional house. a Vertical section; b Floor plan

a) b)

Fig. 3 Case study. a classroom; b Courtyard. Adapted from [14]
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Fig. 4 The second-floor classrooms measured in this study

3 Results

3.1 Indoor Thermal Performance

The field measurements show that even though the indoor air temperature is condi-
tioned and set by the air conditioning at 18 ◦C, the indoor air temperature rose 5 ◦C,
ranging from 23.5 to 27.1 ◦C. However, this temperature is still lower than outdoors,
which fluctuated from 26.3 to 33.1 ◦C. Once the air conditioning is off and there is
natural ventilation, the indoor air temperature sits at an average of 30.5 ◦C. At the
same time, the outdoor temperature is 30.6 ◦C (See Fig. 6). This is the natural effect
of natural ventilation. The indoor air temperature will be very close to the outdoor
air temperature.

The relative humidity in the air-conditioned room is higher than the outdoor
relative humidity, in contrast to naturally ventilated rooms (See Fig. 7), where the
absence of AC provokes a higher air temperature and slightly lower relative humidity.

The unexpected result occurs in air velocity. Once natural ventilation is used, the
airspeed value is lower than when the air conditioner is on (See Fig. 8). Further data
is shown on Effective Temperature. Figure 9a shows that the effective temperature in
the air-conditioned room is lower than in a naturally ventilated room (See Fig. 9b).
Most of the afternoon, the effective temperature stands outside the range, at too hot.
Optimal comfort only occurs in the morning from 8.00 to 9.00.
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Fig. 5 a The psychrometric chart. Adapted from [15]; b Nomogram Effective Temperature.
Adapted from [16]

Fig. 6 Air temperature in a air-conditioned rooms b naturally ventilated rooms
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Fig. 7 Relative Humidity in a air-conditioned rooms b naturally ventilated rooms

Fig. 8 Air velocity in a air-conditioned rooms b naturally ventilated rooms

3.2 Result of Airflow Simulation

The CFD ran the airflow simulation in Ansys Workbench. The airspeed set in the
software was 3.59m/s, the average airspeed in Banda Aceh recorded by the Aceh
meteorology office. The simulation created a west-facing wind tunnel, the dominant
wind flow in Aceh. The windows are set to have an airflow of 75% since they are
designed with a casement-top hung type. Figure 10 shows the simulation of the
second floor where the case study is located. It can be seen that the wind can work
best in the circled room, at around 0.53m/s. Whereas in the measured room, the
simulation predicted that A1 received the wind speed at 0.26m/s.

In contrast, A2, A3, A4, and A5 received an airspeed of 0.52m/s near the win-
dows, while the center of each room remained close to 0.05m/s. CFD also simulated
the airflow on the ground and first floors in this study. The simulation indicates how
the airflow works if the windows on the ground and the second floor remain open.
Figures 11 and 12 show that the wind flow was stronger, particularly near the west-
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Fig. 9 Effective temperature in a air-conditioned rooms b naturally ventilated rooms

Fig. 10 CFD simulation result of the second floor
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Fig. 11 CFD simulation result of the Ground Floor

Fig. 12 CFD simulation result of the first floor

facing side on the ground and first floor, reaching up to 0.57m/s. The remaining
rooms had an airspeed of 0 to 0.21m/s circulating throughout the rooms.

4 Discussion

In this study, the evaluation of airflow movements seeks a thermal comfort sensation
through the ET. As mentioned previously, the SNI-based comfort range is within an
ET of between 20.5 and 27.1 ◦C. This study found that ET in naturally ventilated
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rooms is mostly outside the comfort range (See Fig. 9b). The airspeed measured in
these rooms was deficient and stood at 0m/s. The Nomogram Effective Temperature
indicates that surface air velocity creates a higher ET. Figure 5b shows that the
NomogramETwill decrease theETonce the airspeed is faster. For example, the 26 ◦C
ET can be decreased to 24 ◦C by enhancing the airspeed at 1m/s. The limited airflow
was also seen in the CFD simulation, where the air is not thoroughly circulated.
Figures 10, 11 and 12 show that the airflow throughout the buildings is uneven, and
many rooms had airspeed levels below 0.25m/s.

The cause of this may be because the west-facing windows are closed sometimes,
thus rejecting the incoming airflow. The casement-top hung window works to circu-
late 75% of the airspeed [17]. However, most windows are closed and thus reject the
flowing air. An open plan is seen as being very effective for airflow. The simulation
shows that near corridors and stairs, the airspeed is around 0.25m/s. Whereas in
the courtyard, the airspeed is up to 0.73m/s. The buildings have courtyards with
and without vegetation. Different vegetation in the courtyard is essential to create
a cool local climate, and there have been studies demonstrating that vegetation will
create low air temperatures [18, 19]. Some treeless spaces in the courtyard may be
the reason for the higher outdoor air temperature. However, the air is not flowing into
the rooms as windows are closed or not fully open at times. The simulation, which
applies an infiltration rate of 75%, indicates that the airflow is not evenly circulated.
However, it can supply at least 0.05–0.25m/s of airspeed into the rooms. This means
that it is recommended to open the windows to let air circulate well. The effective
temperature indicates that a higher speed will decrease the temperature.

Figure 9b shows that half the time, sensors had recordings as thermally comfort-
able cool, and comfortable warm. Only some periods, i.e., from 11 am to 4 pm, were
sensed as thermally too hot. The quick switch to making the room air-mechanically
conditioned was not wise. It increases the possibility of making the room excessively
cold. People in warm climates tend to set the AC thermostat at its lowest temper-
ature [20, 21], which causes excessive energy use and rising global temperature.
In addition, many studies also show that our bodies can actually acclimatize to the
local climate [22, 23]. This works best if it is supported by the aforementioned air
movement that can help people overcome a too hot and humid environment.

Returning to the Global South, creating thermal comfort by relying entirely on
natural air in warm-humid areas is an urgent issue to reduce the barrier to creating
thermal comfort. The hot and warm climate characterizes the global south climate.
This change will also reduce energy use by being less dependent on air conditioning
and will be a greener alternative for the Environment.

5 Conclusions

This chapter addresses the challenge of providing thermal comfort in the global south,
especially in a warm, humid climate. Here, air movement is critical in reducing rela-
tive humidity to induce a thermal comfort sensation. Classrooms in the Engineering



70 L. H. Sari et al.

Faculty Building in Aceh, Indonesia, are evaluated, as a case study, on using air
conditioning despite the building’s design having a tropic architectural style. From
this study, it is concluded that a change away from installing air conditioning in the
Engineering Faculty Building’s classrooms would be because of the following:

• Thermal comfort defined by ET in naturally ventilated classrooms is higher than
the Indonesian standard due to the high air temperature and relative humidity, and
low air velocity.

• The cause of the low air velocity entering the classrooms is the lack of west-facing
openings, which reduces the speed of incoming air.

• Windows are mainly closed, meaning that they do not circulate the air, creating an
absence of air velocity.

• The shading or vegetation is insufficient. Therefore, it does not create a cool local
climate to induce low air temperature.

This study shows that air velocity could help to reduce high air temperatures and
high relative humidity.A further study to propose how to introduce the air temperature
into the rooms would be beneficial for promoting passive natural cooling in this type
of buildings, especially in the tropics.
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Occupant Thermal Perception
of a Cooling System Based
on Ceiling-Mounted Radiant Panels
Coupled to a Roof Pond

Eduardo Krüger , Leandro Fernandes , and Evyatar Erell

Abstract Roof ponds can provide modest structural cooling and stabilization of
surface and indoor air temperatures in hot-dry climates, with special relevance to
the Global South, where most desert areas are found. Thermal performance may
be improved if they are coupled to radiant ceiling panels circulating water chilled
by evaporative cooling in the pond. The objectives of this study, conducted at an
experimental facility in Sde-Boqer, Negev Desert, Israel, were to demonstrate the
operation of such a system in practice and to evaluate its cooling performance. Volun-
teers exposed to two distinct thermal environments—a room cooled by a roof-pond
system coupled to ceiling-mounted radiant panels, and a nearly identical room cooled
by a conventional split air-conditioning system—were consistently able to sense dif-
ferences between the two rooms, which had nominally similar thermal conditions
(calculated by their respective PMVs).

Keywords Roof pond · Radiant cooling · Thermal comfort · Questionnaire
survey · Mean radiant temperature

1 Introduction

Arid climates (Köppen’s “B” dry climate types) comprise almost one-third of the
Earth’s land surface and include the northern part of the African continent, much of
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Central Asia, vast regions of theMiddle East, and the western parts of Latin America,
including inland regions in Northeast Brazil. Most desert areas are thus in countries
often referred to as the ‘Global South’.

In passive building design, evaporative cooling is strongly indicated for arid
regions, as evaporation rates are the highest where it is drier. Indirect evaporative
cooling systems can improve indoor comfort in single-storied buildings through sev-
eral mechanisms, including thermal stabilization, structural cooling, and significant
lowering of daytime indoor air and surface temperatures. In the case of roof pond
systems, the pond’s water temperature will typically be close to the average daily
wet-bulb temperature outdoors and the ceiling, cooled by the pond, acts as a heat
sink to the space underneath. Roof ponds are capable of only modest reductions of
the water temperature, yet as the cooling is provided continuously (even when the
room is not occupied), even small reductions in ceiling temperature may result in a
non-negligible reduction in the mean radiant temperature (TMRT ), thus contributing
to indoor comfort.

Hydronic radiant cooling panels, when coupled with a roof pond, can further
improve thermal performance due to reduced distribution losses [1]. Unlike standard
air-conditioning (all-air) systems, heat transfer occurs mainly by radiation, with lim-
ited air movement. ASHRAE defines Radiative Heating and Cooling systems (RHC)
as those where radiant heat transfer accounts for more than 50% of heat exchange
within a conditioned space [2]. There are two main types of hydronic systems with
radiant heat exchange, namely: (1) low thermal inertia systems, including suspended
ceiling panels; and (2) high thermal inertia systems, including Thermally Activated
Building Systems (TABS), where pipes are embedded into the building envelope,
typically ceiling slabs [3].

Commercial radiant cooling systems reduce draft discomfort due to reductions
in air movement and have several advantages over all-air systems such as higher
energy efficiency, long-term thermal stability, lower noise levels, and better air-
quality control. Nevertheless, such systems also present problems related to moisture
condensation, difficulties in adjusting cooling output for space zoning, and time delay
in achieving cooling, which has lately prompted the development of novel hybrid
cooling systems [4–6].

Studies comparing radiant and convective cooling systems show small differ-
ences between them [4]. However, a review by Karmann et al. [7] found only two
studies comparing occupant perception of such systems in full-scale of office envi-
ronments. Schellen et al. [8] reported that in thermal environments with differing
passive (convection in different air speeds) and active cooling systems (radiation or
convection), subjects’ thermal sensation showed substantial variance despite being
exposed to conditions where PMV ≈ 0 [9]. Results, however, were found to be
inconclusive regarding which of the systems had a higher performance in terms
of occupant comfort perception. In a study comparing the thermal perception of
occupants in a meeting room with a suspended radiant ceiling panel and an air-
handling unit (AHU) that simulated a conventional all-air cooling system, both set
to within ±0.5 of neutral PMV (ISO 7730), Imanari et al. [10] found that the radiant
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cooling mode yielded a higher percentage of positive comfort votes than the AHU
with humidity control—even though thermal conditions were set to be equivalent.

After their literature review, Karmann et al. [11] conducted a comprehensive field
study in 60 office buildings and found that radiant systems are potentially more
advantageous than all-air systems in terms of occupant satisfaction. However, a field
survey on occupant satisfaction in LEED-certified buildings using radiant systems
[12] found that the lack of control and the slow system response were recurrent
complaints, despite an overall favorable assessment of their performance.

The objective of this study is therefore to contribute to the discussion on the
advantages and disadvantages of radiant versus all-air systems for cooling, particu-
larly for locations in the Global South that are characterized as having Köppen’s B
climate types. Here we compare occupant thermal perception in a test room cooled
by ceiling-mounted radiant panels coupled with a roof pond to thermal perception
assessed in a similar room cooled by a conventional air-conditioning system.

As radiant systems are generally more economical than all-air systems and as the
system evaluated here is based on passive cooling, many of the challenges in the
Global South regarding necessary investments to implement such systems can have
very short payback periods.

2 Methods

The study compares two otherwise similar rooms with different cooling strategies:
passively through radiant cooling, using ceiling panels coupled to a roof pond cooled
by evaporation and nocturnal radiative heat loss; and actively with a conventional
air-conditioning system. In the latter, cooling is achieved more quickly with respect
to air temperature, whereas in the former, cooling is the result of small radiant fluxes
acting continuously, even when the room is not occupied.

The study was performed in two stages: First, different configurations of a passive
cooling system were tested to identify the most effective means for providing chilled
water and cooling the experimental room.The systemchosen for this study is basedon
evaporative processes with high evaporation rates to ensure superior cooling output
under arid conditions. Several alternatives that demand less water consumption, such
as using ‘dry’ roof ponds, where water is contained in plastic bags or gunny bags,
shaded ponds (cool ponds), or water-spraying schemes that operate only during
night-time hours are described in Erell et al. [13].

During the second stage, thermal conditions in both rooms were monitored con-
currently and evaluated by occupants, who were exposed one by one to both thermal
environments and asked to report their thermal perception. In this chapter, we focus
only on the thermal sensation reported by survey participants. Other aspects related
to thermal perception such as thermal comfort and thermal preferencewere examined
in previous publications [14, 15].
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2.1 Test Facility

The two rooms are part of a test facility located at the Sde-Boqer Campus of the Ben-
Gurion University of the Negev, in Midreshet Ben Gurion, Israel (30.8◦N, 35◦E,
478 meters asl). The climate (Köppen “Bsh”, mid-latitude steppe and desert) is
characterized by large diurnal and seasonal thermal fluctuations, dry air, and a clear
skywith intense solar radiation. Summer conditions are extremely stable: temperature
differences from day to day are minimal, with a typical maximum of 32–33 ◦C and a
minimum of 17–18 ◦C. The average wet bulb temperature in July is 16.8 ◦C. Global
horizontal radiation averages 7.7 kW h/m2 per day during June and July [16].

The facility, built in 1991 for experiments in passive cooling and solar control
[17, 18], incorporates three nearly identical test rooms (270 cm wide, 350 cm long,
and 305 cm in height) with a white-painted interior. In our study, one room was
equipped with an insulated roof pond (‘RP room’). whereas a second (‘AC room’)
had equivalent roof thermal insulation but was fitted with a split AC unit. The AC
unit was operated by remote control by the researchers to adjust the desired set-point
temperature. The fan speed was kept at the lowest setting. The evaporator of a similar
AC unit was used as a fan in the RP room to provide air movement, with the external
casket closely resembling the AC equipment used in the AC room but providing no
sensitive cooling. In the RP room only, two aluminum radiant cooling panels were
suspended from the ceiling, each with a 1.6m2 surface area.

2.2 Test Configuration and Thermal Monitoring

The roof comprised a conventional flat roof (10 cm-thick concrete slab with 6 cm
extruded polystyrene insulation and 3 cm gravel ballast above) covered by a 755-liter
roof pond (average water depth 9 cm) shaded by a white PVC panel suspended 1.5m
above the pond. The water from the pond was circulated by an electric pump to the
two ceiling-mounted radiant panels in the RP room. The pond was also fitted with
floating polystyrene insulation and sprayed from sprinklers above the pond on a 24-h
basis (See Fig. 1).

The study was carried out during two summer months (July and August 2017).
During test days, indoor air and surface temperatures were recorded in both rooms
by Type T thermocouples. Globe temperature was likewise measured by thermo-
couples, inserted in 38mm diameter spheres (ping-pong balls), painted grey (RAL
7001). Relative humidity was measured with Vaisala HMP-60 Temperature/Relative
Humidity sensors and air velocity with a Kurz Portable Air Velocity Meter (Series-
441) hot-wire anemometer. In both rooms, the surface temperatures (ceiling, floor,
walls, radiant cooling panels, and at two heights of the window panes) were also
recorded. In each room, the air temperature was measured at four different heights
(10, 60, 110, 280 cm above the floor) and in the center of each room; due to the small
internal volume, negligible horizontal variations in air temperature were assumed.
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Fig. 1 Left:Section in the roof pond room showing sensor locations/Ta: air temperature; Ts: surface
temperature; Tw:water temperature; RH: relative humidity.Right:One of two radiant cooling panels
in the ceiling of the roof pond room

Relative humidity, air velocity, and globe temperature were recorded at 60 cm height,
corresponding to a seated position [19]. All sensors were connected to a Campbell
Scientific datalogger CR23X via Multiplexer AM-32. Readings were made every
30s, and averages were calculated at 10-min intervals.

The set-point temperature of the AC unit was adjusted 30min before the arrival
of each of the research participants so that thermal conditions in the air-conditioned
room were as close as possible to conditions in the roof pond room.

2.3 Questionnaire Survey

Participants were recruited by personal invitations as volunteers among students and
staff of Ben-Gurion University. Very little information was disclosed about the true
purpose of the study. Participants spent approximately 30–35min in the building,
first in one room (30min), then in the other (for an additional 5-min period), at ran-
dom. During the experiments, participants filled out thermal comfort questionnaires
(handed out as printed copies) at three timestamps: (1) within the first five minutes
upon arrival in the first room, (2) after 30min in the room, (3) within the first five
minutes upon arrival in the second room. It was assumed that, due to the thermal
similarity of the rooms, a shorter stay would be sufficient in the second room for
thermal assessment.

The questionnaire was designed following ISO 10551 [20] and recorded personal
data including thermal history (biometrics, length of residency in Israel, country of
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Fig. 2 Survey questionnaire—comparing both rooms

origin, previous thermal environment, transport mode to the test building); clothing
information (from a look-up table); and questions on thermal perception at the three
timestamps. Personal data were filled out by participants at the start while clothing
insulation was estimated visually by the researchers. Thermal sensation (TS) was
assessed by a 7-point Likert scale with a neutral midpoint, with TS votes ranging
from cold (–3) to hot (+3).

Upon their arrival, the subjects were given an overview of the experimental pro-
cedure, which included filling in a demographic form followed by thermal comfort
questionnaires. This also allowed them to settle in and experience conditions in the
test room. The subjects then received the first part of the questionnaire to fill out and
were left alone in the room. They were allowed to read, study, or chat on the phone,
but were requested to remain seated at all times and not greatly alter the position
of the chair. Approximately 25min later, subjects filled out the second part of the
questionnaire. They were then led to the second room, where they were asked to fill
out the third part of the questionnaire after a brief period of exposure. The intention
was to assess their immediate impression when entering the second room to allow
a direct comparison to the first one; it was assumed that since rooms had similar
thermal conditions there was no need for further acclimatization. The starting room
could be either the AC room or the RP room, in a random order, according to a simple
randomization procedure. Sessions took place during the daytime at the participant’s
convenience, one at a time.

When the participants finished their brief stay in the second room, two additional
questions were posed for a direct comparison between rooms (See Fig. 2).

3 Results

3.1 Thermal Conditions in the Rooms

Figure 3 shows air and mean radiant temperature in both rooms on a typical day
(August 21). During the sessions (five per day, from about 9:30 am through 5:30 pm,
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Fig. 3 Mean radiant temperature [Tmrt], air temperature indoors [Ta (in)] and outdoors [Ta (ext)]:
a in the roof pond room (left) and b in the AC room (right) on August 21. The shaded area indicates
the operation of the AC unit (or the fan in the RP room)

as indicated by the shaded rectangle in the graphs), surface temperatures presented
contrasting behaviors, despite similar air temperatures: in the air-conditioned room,
surface temperatures were 1.4 ◦C above indoor air temperature, on average, whereas
in the roof pond room theywere 0.2 ◦C lower. In theAC room, the system remained in
continuous operation during sessions to provide thermal comfort. Minor fluctuations
in air temperature were observed due to the nature of the controller (ON-OFF), but
differences in PMV scores between the rooms were negligible.

Objective thermal sensation indoors was assessed by the PMV, calculated from
monitored data usingmean radiant temperature initially obtained from globe temper-
ature data. The aim was that all experiments would be carried out at approximately
neutral thermal conditions (PMV ≈ 0) indoors, and conditions were in fact within
PMV ±1 of neutral throughout all sessions. A total of 45 sessions also complied
with our (arbitrary) requirement that the absolute difference in PMV between the
two rooms should be no greater than 0.35, as confirmed by one-way ANOVA tests.

3.2 Survey Results

Surveys began on July 26 and ended on September 5. Participants (n = 45, 20 male,
25 female) were on average 33.5 years old and with a Body Mass Index (BMI,
calculated as body weight divided by the square of body height, expressed in units
of kg/m2) ranging between 18.4–35.5, thus varying from ‘underweight’ to ‘obese’
according to WHO categories [21]. Participants came from 15 different countries
and their residency in Israel varied from less than one year (13%) to over 20 years
(49%). The majority had just come from non-AC thermal environments (67%), some
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Fig. 4 Thermal sensation (TS) votes in the Roof-pond (RP) and Air-conditioned (AC) rooms

from an air-conditioned space (29%), and the remainder from public transport/car
(air-conditioned).

Despite both rooms having thermal conditions with similar PMV, reported votes
showed differences between rooms in terms of subjective thermal sensation, TS (See
Fig. 4). In the RP room, 47% of responses indicated thermal neutrality while 33%
indicated some degree of cold sensation (TS votes−3,−2,−1), compared with 44%
who indicated neutrality and 18% who felt cold in the AC room. Correspondingly,
a rise in heat sensation increased from 20 to 38%. The difference is statistically
significant (p < 0.05).

A more detailed analysis of TS votes given at the three timestamps showed that
respondents changed their initial vote after spending some time in the starting thermal
environment. The comparison between the first two stamps showed a p-value lower
than the significance level of 0.05 for theAC room and above significance (p = 0.10)
in RP, which suggests more consistent TS votes by the respondents in the latter,
possibly due to its long-lasting thermal stability.

Statistically significant differences in TS for participants transiting from one room
to another were only found when the subjects moved from the RP to the AC room
(with a p-value of 0.009 and a corresponding rise in TS vote of 0.65). For the opposite
transition, despite a drop in TS of 0.14, the p-value was well above the significance
level.
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Table 1 Calculated PMV and PPD versus occupant thermal sensation (TS) votes in the test rooms

PMV Reported
TS

Diff PPD (%) Percentage
dissatisfied
(%)

Diff

RP 0.04 −0.16 0.19 6.43 6.67 −0.24

AC 0.01 0.22 −0.22 6.18 2.22 3.96

Difference −0.03 0.38 −0.24 4.44 –

Table 2 Changes in TS votes for variations in timestamps (*p < 0.05, **nearing significance level
of 5%)—transition from AC to RP room and vice-versa

Changes TS

Offset p-value Effect size (r)

Timestamp 1 to 2 (in AC) −1.05 5.09E-05* 0.07

Timestamp 1 to 2 (in RP) −0.57 0.062521** 0.47

Timestamp 2 to 3 (from AC to RP) −0.14 0.525139 −0.19

Timestamp 2 to 3 (from RP to AC) 0.65 0.00859* 0.19

Reported thermal sensation (TS) votes of −3,−2,+2, and +3 were assumed to
indicate thermal dissatisfaction. Comparison of reported sensation with estimated
values for PMV and PPD (‘Predicted Percentage Dissatisfied’, calculated using the
exponential equation which accounts for PMV data, as in ISO 7730 [9], showed
substantial differences (See Table 1) in the latter for the AC room only. A slightly
higher percentage of participants were dissatisfied in the RP room (due to cold) than
in the AC room, although the proportion was small in both cases.

Table 2 shows a summary of differences (offsets) found in terms of TS votes for
the three timestamps, also taking into account the move from one room to another
between timestamps 2 and 3. The changes in TS dropped in both rooms after approx-
imately half an hour of exposure, meaning that short-term acclimatization is accom-
panied by an initial overshooting for hot responses which is later adjusted by the
respondent at timestamp 2. Such changes are more evident and significant in the
AC room. In the RP room, with a larger effect size (higher Pearson’s r) and a com-
paratively lower significance (p = 0.06), changes in TS from timestamp 1 to 2 are
less pronounced and responses are more strongly correlated. When changing rooms,
offsets and effect sizes (Pearson’s r-value) show opposite trends for both possible
moves, i.e., fromAC to RP versus fromRP to AC. Statistical significance (p < 0.05)
is reached for the move from RP to AC with a significant rise in TS.
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4 Discussion

The experiments described here highlight the difficulty of obtaining accurate values
for TMRT when air movement is variable and non-negligible. This problem is typi-
cally encountered outdoors but appears to be a problem in some indoor situations,
too. Thus, in the AC room, the use of the globe thermometer to obtain the mean
radiant temperature and PMV data proved to be insufficiently accurate when the AC
equipment was in operation. This is because the change in air velocity near the globe
thermometer, even at speeds as low as 0.2m/s, leads to almost instantaneous differ-
ences in the globe temperature reading, while the temperature of the wall surfaces,
and hence the true value of TMRT, change much more slowly. This raises questions
about the use of globe temperature readings to assess or control dynamic conditions
such asmechanically air-conditioned environments, where thermal comfort ismainly
achieved through convective heat exchange. While ISO 7726 states that “It should be
noted that the smaller the diameter of the globe, the greater the effect of the air tem-
perature and air velocity, thus causing a reduction in the accuracy of themeasurement
of the mean radiant temperature” [19], though this is not a formal requirement of the
standard. However, this restriction implies that the measurement is best performed
in quasi-steady state conditions, as the response time of the standard copper black
globe may be quite long. Recent research on thermal comfort has highlighted the
importance of dynamic (drifting) conditions and locally varying temperatures not
only to achieve comfort but also to create healthy conditions [22]. This suggests, in
turn, that adequate means must be found for monitoring and controlling conditions
in dynamic environments.

In our study, air temperature in the AC room, although controlled by a ther-
mostat, fluctuated during the experiment within the limits of the controller’s ‘dead
zone’. Because globe temperature measurements may have a relatively long time
constant—up to several minutes—the estimation of the mean radiant temperature
can be seriously impaired when conditions are dynamic. In this case, the globe ther-
mometer registered values higher than the average of the instantaneous influences
of convection and radiation, therefore overestimating the calculated mean radiant
temperature (TMRT) in the AC room.

Dynamic conditions are fairly common in AC environments, especially the split
systems installed in small offices and at homes. This is because the control scheme is
still used inmany all-air systems (i.e. cycling on and off in response to variations from
the set-point). These variations can have an important impact on thermal perception,
even if the PMV is the same in both rooms, ‘on average’.

The slightly inferior performance of the AC room resulted from the reduced effect
of air conditioning on the room’s surface temperatures, as the AC unit was only
operated during a given session, beginning 30min before the room was occupied
(pre-cooling). Measurements of the surface temperature in both rooms indicated that
structural cooling and thermal stabilization are obtained in the RP room by radiant
cooling, whereas in the AC room, thermal control is achieved only within the short
period of the session through rapid changes in the air temperature.
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Finally, the study wishes to contribute to knowledge gaps in terms of occupant
thermal perception in radiant against all-air systems. The study conducted by [11] in
60 offices in the U.S. and Canada had the drawback that the offices surveyed were
not exactly equivalent in terms of volume, function, location, outdoor microclimate,
and exposure because evaluations did not take place simultaneously and at one single
location. In their study, radiant systems included TABS, embedded surface systems,
and ceiling panels, all treated as radiant systems. This study is controlled and thus
avoids these limitations—but is much smaller in scope.

In arid regions of theGlobal South, passive solutions based on evaporative cooling
are promising, using either direct or indirect cooling systems. Because differences
between dry-bulb and wet-bulb temperatures (the wet-bulb temperature depression)
in such areas are large, the cooling output is high. A previous study conducted in
Brazil showed that in dry locations an indirect evaporative cooling, roof-pond-based
system can reduce thermal discomfort nearly all year round [23]. An ongoing project
by one of the authors is currently evaluating the performance of a roof-pond system
coupled with radiant cooling panels to enhance cooling. An interesting feature of this
novel cooling system is the fact that the cooling unit is detached from the building’s
structure and utilizes a closed water loop to feed the ceiling-mounted radiant cooling
panels. Therefore, its implementation in existing buildings is facilitated and can
benefit retrofitting schemes in social housing in Global South countries [24].

5 Conclusions

Because roof ponds in hot climates can supplywater that is only a little cooler than the
air temperature, rooms cooled by roof ponds typically exhibit only minor differences
in radiant temperature compared to rooms cooled by conventional air conditioning
systems. Yet, as this study shows, occupants can perceive even small differences in
their environment, which coincides with several studies on radiant cooling cited in
the introductory section of the chapter. This should encourage researchers who seek
to implement passive cooling systems that rely on indoor radiant cooling (sometimes
with added thermal mass in the indoor environment) in arid regions of the Global
South. Such designs offer, in addition to economic advantages, improved thermal
stabilization. Although this study evaluated the potential of an experimental roof
pond cooled by evaporation to promote indoor thermal comfort, the results may also
be applicable to commercial radiant cooling systems supplied with mechanically
chilled water.
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Abstract Contemporary office buildings have primarily adopted environmental sus-
tainability criteria through the guidelines and requirements of domestic or interna-
tional green building rating systems. These systems incorporate criteria aimed at
reducing resource consumption and the building’s impact on the environment into
their design, as well as criteria to improve indoor environmental quality (IEQ). How-
ever, doubts remain about the ability of green rating systems to guarantee occupant
satisfaction with the building and its indoor environment in contrast with their coun-
terparts. This research is based on a field study comparing occupant satisfaction in
certified green office buildings with conventional buildings in Chile, from a sample
of 176 occupants of green buildings and 175 occupants of buildings (N = 351). The
study included a survey of occupants and the monitoring of thermal conditions in
workspaces. The results showed that there are no significant differences in satisfac-
tion and comfort between green buildings and their conventional counterparts. The
occupants of conventional buildings showed trends of higher overall satisfaction for
the winter and summer months, as well as for winter and summer temperatures. The
other criteria, such as air in winter and summer, showed fairly similar results in both
building types.
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1 Introduction

The main objective of green building rating systems is to reduce the environmental
impact of buildings through energy performance optimization and resource use effi-
ciency criteria, among others. Issues related to occupantwell-being play an important
role in these systems, generally as a dimension known as indoor environment quality
or IEQ [1] which complements criteria related to energy and environmental impact
[2]. In recent years, many countries around the world have developed their own green
building assessment systems or methods, responding to the specific needs of their
cultural and climatological context [3]. In 2014, Chile developed CES (Sustainable
Building Certification in Spanish), which is applicable for both new and existing
buildings. Despite the diversity among different systems, several authors note that
all benefit occupants in physical, social, and/or psychological ways [4], which could
have implications on health and well-being in the medium or long term. However,
occupant well-being and comfort may be in conflict with building performance.
For example, the energy efficiency of a building is positively affected by a com-
pact building envelope and reduced ventilation rates, but for occupant well-being,
the ventilation rate must be higher to dissipate particulate matter. In this conflict,
sometimes efficiency is prioritized over occupant wellbeing [5].

For this reason, some authors have examined the ability of these methods to pre-
dict occupant satisfaction. Of note are [6] and [7] studies, which conclude that the
LEED method does not affect occupant satisfaction with the building or with their
workspace, in addition to finding that the positive influence of LEED certification on
occupant satisfaction decreases over time. More recent research indicates that there
is no complete and consistent conclusion regarding whether occupants are indeed
more satisfied with their indoor environment in certified green buildings in contrast
to conventional buildings [8–12]. Previous studies by Elnaklah et al. [13] grouped
findings regarding the differential impact that certified sustainable buildings have on
occupant satisfaction compared to conventional buildings or national benchmarks
for indoor environmental quality. Studies suggesting higher occupant satisfaction in
certified sustainable buildings for both thermal comfort and indoor air quality (IAQ)
accounted for 56.25% of the universe [1, 14], while those showing lower satisfac-
tion with certified sustainable buildings when compared to conventional buildings
accounted for 31.25% [6, 14], and 12.5% found no difference between the two [15].

Some authors argue that the diversity of occupant characteristics conflicts with
how certification systems are designed to target an average standard user, without
considering habits, personal factors, ormultivariate behaviors. For example, Almeida
et al. [16] observed that people tend to feel amoral obligation towards specific behav-
ior in a green building, such as energy saving, which, therefore, has a positive impact
in these terms, but an unknown effect on satisfaction. Context is an important factor
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in these studies. A review made by Khoshbakht et al. [10] found that research in
the UK and US showed negligible differences in occupant satisfaction between sus-
tainable buildings and their conventional counterparts regarding indoor environmen-
tal quality, while studies in China and South Korea discovered significantly higher
satisfaction in sustainable buildings. The authors argue that the two contexts, western
and eastern, result in different characteristics in the quality of design andmaintenance
of office buildings in general, which influences the baseline of occupant comfort and
satisfaction. This suggests that occupant satisfaction in certified sustainable build-
ings is not universal, as there are local factors that influence this problem and merit
further investigation at the contextual level [9].

In Latin America, 2066 buildings had been LEED certified by 2021. Similarly,
in Chile, the LEED certification system has had a great impact, with more than 233
buildings certified. Additionally, 55 buildings are certified under the national CES
system. Little research has been made on occupant satisfaction in sustainable build-
ings located in Latin American contexts. More specifically, the Chilean context has
two characteristics that make this study particularly interesting: on one hand, the
significant number of certified green buildings considering the size of the country,
and on the other, the absence of mandatory regulations on energy and indoor envi-
ronmental quality for office buildings. The latter would suggest that there may be a
significant gap between conventional and green buildings. In any case, considerable
progress has been made in Latin America regarding the creation of standards and
regulations to promote green buildings in the coming years [17]. The objective of
this article is to compare the satisfaction of occupants of LEED and CES certified
sustainable office buildings with occupants of conventional office buildings located
in Chilean cities, taking into consideration dimensions of thermal environment and
air quality, in order to expand world knowledge on the subject.

2 Methodology

The methodology was based on fieldwork consisting of a survey of 351 occupants of
9 office buildings, together with measurements of the indoor thermal environment.
176 occupants of 3 certified green buildings and 175 occupants of 6 conventional
buildings were studied in the cities of Concepción and Santiago. The survey was
conducted in spring 2017 to reveal the occupants’ perception of comfort in both
winter and summer. A hard copy of the questionnaire was delivered to the occupants
early in the morning and collected at the end of working hours in the early evening. It
comprised closed-ended questions organized into sections on comfort and satisfac-
tion in the workspace, ability to control the indoor environment, and prioritization of
IEQ dimensions. Comfort and satisfaction for winter and summer were evaluated on
a scale from 1 to 7 (See Fig. 1). In addition, the thermal environment (operative tem-
perature and relative humidity) of the same offices wasmonitored onwinter, summer,
and spring days, using DELTA OHM HD 32.3 equipment, which was placed near
the participants.
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Fig. 1 Questionnaire design

The buildings were selected using comparability criteria in terms of geographic
location and year of construction. The buildings are located in the two largest Chilean
cities, Concepción (3 buildings) and Santiago (6 buildings), and are distributed
equally, green buildings and conventional buildings, in each city. Table 1 shows the
year of construction, window-to-wall ratio, and climate control mode for the case
studies. Regarding climate control mode (Mode): Heating only (HT) corresponds
to those buildings that only have a heating system, but are naturally ventilated by
opening windows in summer; Mixed Mode (MM) corresponds to those cases that
have an air-conditioning system but also operable windows, which enables natural
ventilation through the opening of windows during mild periods; and Heated Ven-
tilated and Air-Conditioned buildings (HVAC) correspond to all those sealed and
air-conditioned buildings with no operable windows. As can be seen, all certified
green buildings have HVAC systems, while conventional buildings varied between
HT,MM, and HVAC. This also relates to window opening options, since green build-
ings are all sealed, with no option to open windows, unlike conventional buildings
where most allow window opening.

Of the 9 case studies, two are LEED certified and one has both LEED and CES
certifications. Table 2 shows the LEED credits for the following case studies: Case
F, Core and Shell (v2009); Case K, Commercial Interiors (v2009); and Case O,
Core and Shell (v2009). Case K is also nationally CES certified as “Outstanding
Certification”, with a score of 56 out of 59. Thus, Case K could be considered the
greenest building in terms of certification, since it holds a double certification, Gold
level in LEED, and “Outstanding” in CES. This case also has the highest number
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Table 2 LEED credits obtained by cases F, K, and O

LEED credits Case F Case K Case O

Subtotal Sustainable Sites 20/28 21/21 22/28

Subtotal Water Efficiency 6/10 11/11 8/10

Subtotal Energy and Atmosphere 11/37 13/37 11/37

Subtotal Materials and Resources 2/13 3/14 4/13

Subtotal Indoor Environmental Quality 3/12 8/17 4/12

Subtotal Innovation 5/6 4/6 6/6

Subtotal Regional Priority 4/6 4/6 4/5

Total 51/110 64/110 59/110

Certification Silver Gold Silver

Table 3 Operative temperature and relative humidity of the case studies

Group Case study code Winter Spring Summer

RH (%) OT (◦C) RH (%) OT (◦C) RH (%) OT (◦C)
Conventional buildings A 60.2 20.3 47.6 21.1 57.0 21.5

H 44.6 22.5 49.8 22.6 56.4 23.4

J 41.9 21.7 41.9 21.9 49.0 23.9

L 34.9 23.4 33.4 23.1 47.2 23.7

M 43.4 21.0 34.4 22.8 44.3 23.3

Q 41.8 21.7 38.0 22.5 48.2 23.3

Average 44.5 21.8 40.9 22.3 50.4 23.2

Green buildings F 46.2 22.8 48.3 23.1 51.7 23.5

K 39.7 22.1 34.0 23.3 40.0 24.4

O 39.8 22.8 47.7 22.9 48.9 24.1

Average 41.9 22.6 43.3 23.1 46.9 24.0

RH: Relative Humidity; OT: Operative Temperature

of credits of the 3 cases in the IEQ category, which should be reflected in occupant
satisfaction (Table 2).

3 Results and Discussion

This study has analyzed a set of data extracted from the comfort survey, comparing
the results according to the type of certification that the buildings have, either green
(LEED or CES) or conventional (without certification). The results are divided by the
climatic seasons. Table 3 shows operating temperature and relative humidity, where
green buildings are 0.8K higher in temperature than conventional buildings across
all seasons.
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Table 4 Characterization of occupants, office type, and building type

Occupants

Conventional building Green building Total

Sex Male 93 (53%) 93 (53%) 186 (53%)

Female 82 (47%) 83 (47%) 165 (47%)

Age 18 to 25 14 (8%) 6 (3%) 20 (6%)

26 to 35 73 (42%) 82 (47%) 155 (44%)

36 to 45 35 (20%) 56 (32%) 91 (26%)

46 to 55 37 (21%) 18 (10%) 55 (16%)

56 to 65 15 (9%) 11 (6%) 26 (7%)

Over 65 1 (1%) 3 (2%) 4 (1%)

Office type Open plan 134 (77%) 167 (95%) 301 (86%)

Enclosed, shared space 35 (20%) 2 (1%) 37 (11%)

Enclosed, private space 6 (3%) 7 (4%) 13 (4%)

The characterization data by building type for the 351 occupants of the 9 buildings
are displayed in Table 4. Themale/female ratio is equal in both groups of buildings, as
well as the number of occupants under 45 years of age, although the age distribution
differs slightly between the two groups. Also, the most predominant age group is
in the range of 26–35 years, averaging 44% between both groups of buildings. The
greatest difference is in office type: green buildings are 95% open plan offices,
compared to 77% in conventional buildings.

3.1 Responses to the Survey

The average results for each question for the green and conventional buildings groups
are graphed in Figs. 2 and 3.

The results show that occupants’ perceptions in both winter and summer are very
similar in both groups of buildings. Conventional buildings are better evaluated in
terms of thermal comfort than green buildings in both winter and summer, with a
greater difference in winter.

However, green buildings are better evaluated in terms of temperature in both
winter and summer, as demonstrated by the fact that the average occupant response
remains around 4, between too hot and too cold, while in conventional buildings
this figure moves slightly towards too cold in winter and too hot in summer. The
biggest gap is in air quality, where green buildings are better evaluated in both
winter and summer in terms of odors and freshness. Concerning overall satisfaction,
conventional buildings are rated slightly higher than green buildings.

Figure 4 shows the boxplot analysis of all 351occupants’ responses for satisfaction
under general conditions in winter and summer. It can be seen that, on average,
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Fig. 2 Occupants’ responses comparing green versus conventional buildings in winter

Fig. 3 Occupants’ responses comparing green versus conventional buildings in summer
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Fig. 4 Boxplot of satisfaction with general conditions in winter and summer for green and con-
ventional buildings

conventional buildings present higher occupant satisfaction than green buildings in
both seasons. In summer, satisfaction is lower and has less variation than in winter
for both building groups. This can also be verified by comparing the averages of
each building type, which demonstrate greater satisfaction for the winter months,
especially in the case of conventional buildings.

Occupant satisfaction with general conditions in winter and summer, along with
winter and summer temperatures for each case study are shown in Fig. 5. The analysis
demonstrates that the maximum and minimum limits of the standard deviation are
4.94 and 4.05 respectively, the overall average of all responses is 4.50, and the
standard deviation is 0.44. Case J (conventional) was the best-evaluated building,
with an average response of 5.5 in winter and 5.4 in summer.

On the contrary, casesA,H, and F have the lowest average satisfaction of the study,
4.1 and 3.9 respectively, which is interesting considering that case F is certifiedLEED
Silver.As canbe seen,most of the cases arewithin the standard deviation limits except
for case J, which has both winter and summer averages above the maximum limits,
thus making it the best-evaluated case study for this question on general conditions.
In an overview of all cases, most of the responses would seem to indicate that the
general conditions are more unsatisfactory for the summer months.

Occupants’ perception of how much each indoor environmental factor affects
productivity is shown in Fig. 6. It can be observed that, in general, green building
occupants perceive factors such as temperature, noise, and air quality, while lighting
levels affect their productivity more than conventional building occupants.

There is amoremarked difference in the noise factor, which highly and very highly
affects the productivity of green building occupants. This may be related to the fact
that green buildings have predominantly open plan layouts, where intrusive noise
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Fig. 5 Satisfaction and average temperatures for each case study

Fig. 6 Indoor environmental factors that affect productivity. Left: conventional buildings. Right:
green buildings

can be greater. Glare is the only factor that affects the productivity of conventional
occupants more.

Table 5 shows that the occupants of conventional buildings are more satisfied with
their opportunity to control the indoor environment. The green buildings that are
part of this study do not have operable windows, unlike conventional buildings that
generally possess some operable windows, thereby allowing for natural ventilation.
This could explain the greater satisfaction with indoor environmental control, which
is in line with other studies that conclude that personal control of certain aspects
of the environment can result in greater comfort and satisfaction, and sometimes
better energy performance [11]. Bluyssen et al. [18] infer that limiting the use of
personal controls has a negative impact and causes more symptoms associated with
Sick Building Syndrome, and conversely, providing proximity to a window with
an outdoor view will favor the occupant’s mood and thus their mental health [19].
The variable of window opening may have a significant influence on the results,
as it seems important to have control over window openings for the perception of
satisfaction and additional control of the user inside the building.
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Table 5 Satisfaction with the opportunity to control the indoor environment

Building type Very dissatisfied Very satisfied Average

1 2 3 4 5 6 7

Conventional 4% 9% 12% 27% 18% 22% 8% 4.45

Green 17% 12% 19% 26% 12% 12% 4% 3.54

4 Conclusions

This research is based on a field study comparing the satisfaction of occupants of cer-
tified office buildings with conventional buildings in Chile, based on a sample of 176
occupants from 3 certified green buildings and 175 occupants from 6 conventional
buildings (N = 351).

The main conclusions of this study are that from the data set analyzed of 351
survey responses from 9 office buildings, it can be concluded that there are no sig-
nificant differences in satisfaction and comfort between green buildings and their
conventional counterparts. The occupants of conventional buildings showed trends
of higher overall satisfaction for the winter and summer months, as well as for win-
ter and summer temperatures. The other criteria, such as air in winter and summer,
showed fairly similar results in both building types.

Green buildings predominantly have an open plan layout and non-operable win-
dows, which could explain why occupants express more sensitivity to noise and less
satisfaction with the opportunities to control the indoor environment than occupants
of conventional buildings. The best-evaluated building was a conventional build-
ing located in Santiago, built in 2009, making it the oldest building in the group.
The building has a mixed mode operation system and allows for natural ventilation
through the opening of windows.
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poverty +CO-PE, of Universidad del Bío-Bío, Chile.
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Layout Design to Remove Barriers to
Comfort, Energy Efficiency, and Solar
Systems in Housing

Silvia de Schiller

Abstract This chapter analyzes the role of layout patterns and morphological
characteristics of land sub-division in social housing to reduce energy demand while
promoting comfort, energy efficiency, and the implementation of solar energy. In
this context, the project was focused on design factors and scales in different cli-
mates and latitudes of Argentina, from 22◦ to 55 ◦S. Based on experiences evaluat-
ing social housing programmes at a national level and projects by eight provincial
housing institutes in different bioclimatic zones, the target was to achieve a reduction
of conventional energy, implementing bioclimatic design strategies, energy-efficient
measures, and solar systems.Requirements on a layout scalewere essential to achieve
solar access in façades and solar systems while providing solar protection to avoid
overheating and the use of air conditioning. Design alternatives were implemented
for wind protection to improve outdoor spaces in cold climates, and breeze and venti-
lation in humid subtropical areas. Density, solar access, façade orientation, plot size,
and vegetation were evaluated, comparing benefits on both planning and building
scales. These have successfully contributed to the development of national housing
standards which remove barriers and achieve better housing conditions with less
energy demand, a result that is relevant for other regions of the Global South.
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1 Introduction

The integration of layout pattern design for energy efficiencymeasures and renewable
solar systems offers significant economic, social, and environmental benefits, foster-
ing sustainable development, reducing impacts and energy demand while promoting
comfort and a better quality of life, according to de Schiller [1].

This chapter aims to show the relevance of a key factor to removing barriers in
widely differing environmental conditions in Argentina, shown by de Schiller and
Evans [2], potentially useful in the Global South context, according to the IRAM
11603 [3] (See Fig. 1).

To achieve these benefits, the challenge was to promote the implementation of
both strategies together within the design resources in the production and use of the
built environment, as presented by de Schiller [4]. This required ensuring adequate
transfer to policy and legislation to provide support for project development on
urban and building scales, with the relevant contribution of professional skills and
institutional legal frameworks in the different climatic zones of the country, with
possible extensions to other countries of the region, as Jenks [5] points out. Active and
solid participation in the social context, from both institutions and future inhabitants,

Fig. 1 Location of the eight study projects used to analyze energy efficiency measures to improve
thermal comfort, representative of the wide climatic variation and bioclimatic zones found in
Argentina, IRAM 11603 [3]
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is also required, allowing cooperative actions to achieve positive user control of
renewable and passive systems.

In this context, the study presents design strategies for both layout and unit design,
with energy reduction measures and the integration of solar energy systems in the
development of housing programmes.

Research by de Schiller and Evans [6] shows that these objectives are possible
for the implementation of social housing projects at the national level, considering
local conditions, and social, environmental, and economic requirements. For this
purpose, specific energy-efficient measures at a layout scale are analyzed in the
design process of social housing projects. The research is based on the experiences
of assessing Provincial Housing Institutes programmes in eight different localities,
representative of the broad climatic variation found in Argentina, and relevant for
similar conditions in the Global South.

These include major variations from hot and humid sub-tropical climates in the
NE, hot and dry climates with large temperature swings in the NW, cold climates
at high altitudes with strong solar radiation in the Puna, temperate climates with
both high and low-temperature swings at intermediate latitudes, cold and windy
climates, extremely low-temperature mountain climates in high latitudes, and cold
desert climates in southern Patagonia, as pointed out by Evans and de Schiller [6]. In
this framework, examples from the Federal Housing Plan are presented, analyzing
the performance achieved with the Minimum Quality Standards of the Secretary of
Housing [7], to evaluate results that aim at achieving a 30% reduction of conventional
energyuse by implementing supplementarymeasures on the layout scale, considering
the efficiency levels required by the programme.

2 Criteria to Implement Sustainable Building Measures

To promote an adequate and effective integration in projects at the house design
scale, these measures incorporate the following criteria:

• Improving the thermal performance of the building envelope, with suitable thermal
insulation in walls, windows, and roofs, as well as grouping to minimize areas
exposed to outdoor air to reduce energy demand with the contribution of efficiency
measures, adopting the improved levels established in the IRAMNational Standard
[8].

• Implementing bioclimatic design strategies in housing units to ensure both solar
access in winter and shading in summer. These strategies should be carefully
integrated, but not compete with one another, with effective protection from cold
and strong winds in cold climates, or to catch breezes in hot climates. This will
achieve a better balance between energy demand and supply to promote comfort by
improving the environmental performance for users. The IRAM Standard 11603
[3] and other publications from Evans and de Schiller [9] indicate appropriate
regional strategies.



104 S. de Schiller

• Integrating renewable energy installations on a housing design scale to increase
renewable energy supply, and reduce conventional energy use and operating costs
in favor of health andwell-being. Recent government publications by the Secretary
of Housing provide design recommendations [7].

At the layout scale, a series of measures were considered to achieve the project
objective: a 30% effective reduction of conventional energy demand and the related
environmental impacts in the context of sustainable development for social and eco-
nomic benefit [4].

3 Design Requirements for Housing Layouts

To complement these measures at the housing design scale, the following require-
ments were proposed on a layout scale, as they will condition the design of housing
projects, in widely varying bioclimatic conditions in different zones of the country.

The following measures played a key role, interacting on both an urban and unit
scale: solar access on facades, optimized location and inclination of solar collectors,
and potential benefits provided by outdoor spaces on both unit and grouping scales,
combined with a local breeze for natural ventilation while ensuring sun and wind
protection. According to de Schiller [10], all these measures, implemented at the
design decision scale, will also effectively contribute to energy conservation with
suitable building envelopes.

As complementary interaction between scales is not always considered in insti-
tutional policies for housing project development and production, the professional
response also needs technical support to implement integrated criteria. Therefore,
this study identifies a vacant niche that needs to be covered to anticipate environ-
mental impacts and avoid conflicting bioclimatic strategies incorporated in the design
of housing units without an effective resolution on the layout scale, influencing the
environmental and energy performance of housing units.

To clarify the layout design’s environmental requirements a research method was
developed, applied and structured with specific issues, including solar access on
facades and outdoor spaces, while promoting the effective installation of renewable
energy systems [11].

4 Research Methodology

The method used in this study focused on solar access, shading, wind protection,
and natural ventilation. It considered climatic conditions as the base issues, followed
by a selection of key factors, to contribute to removing barriers on the layout scale.
This process led to a discussion of conflicting requirements pointing to the relevant
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results obtained when research is implemented in new legislation for the production
of housing projects at a national level with local practical innovation.

4.1 Solar Access and Shading

Energy-efficient and comfortable housing projects require solar radiation incidence
in passive systems, by adopting favorable façade orientation and window dimensions
in living spaces. To achieve this objective, attention should be paid to the location,
latitude, and topography at an urban design scale, alongwith density, building height,
and grouping, while defining compatible house design with form and orientation in
individual plots. This helps to define envelope performance and the characteristics
of openings by variations between locations. These criteria are essential to achieve
winter solar access in cold climates while ensuring summer solar protection in hot
and humid climates. The IRAM Standard [3] recommends orientations to achieve
the required levels of solar radiation.

Although favorable solar access in both private and communal outdoor areas does
not directly affect conventional energy demand, it contributes to improving comfort
levels in outdoor and intermediate spaces, as well as the indirect impact on indoor
spaces. It also encourages vegetation growth to improve the local microclimate.

At the same time, solar collectors for domestic water heating, considering their
limited storage capacity, require effective sun access all year round. According to
the Energy Secretary [12], in summer, they can generate more useful energy than
needed for hot water supply, while, in winter, solar energy may be insufficient to
satisfy demand.

To achieve both, the solar collectors’ slope is critical to optimize annual perfor-
mance while considering the potential impact of partial shading which can signifi-
cantly affect the effective final energy efficiency result.

Additionally, according to the recommendations of the Energy Secretary [13],
grid-connected photovoltaic installations require a similar orientation, but a lower
inclination for solar access to optimize total energy generation over the year to obtain
the maximum economic benefit for the user.

Special care is needed to avoid partial shading projected by cables, posts, water
tanks, and other obstacles from nearby surroundings or housing units.

The impact of possible future extensions of adjacent houses to the north should
also be considered to avoid unwanted shading.

In this context, it is relevant to note that solar access and solar protection in
building design depends on local climate conditions, such as in hot climates at both
humid or dry lower latitudes, and cold and temperate climates at higher latitudes in
the south, as the following analysis using IRAM Standards 11603 [3] shows.

• In hot climates, sun access design must consider the need for shading with solar
protection in summer months, particularly by optimizing north-facing orienta-
tions, and allowing access to winter sun compatible with solar protection elements
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such as overhangs and pergolas with vegetation, while unfavorable west-facing
orientations can receive limited sun in winter but suffer excessive summer solar
radiation.

• In cold and temperate climates, heat conservation requires significant control of
surface areas exposed to outdoor conditions, where the form factor, the relation
between the external surface and building volume, depends on the volume and
grouping of the housing units. The IRAM Standard 11604 [14] shows the impor-
tance of the total surface area of walls and roofs in contact with the outdoor
environment on the volumetric heat loss coefficient.

4.2 Wind Protection and Natural Ventilation

The impact of wind increases heat losses in winter, an aspect that is critical in cold
and temperate climates as a result of two basicmechanisms that promote heat transfer
from the external surface of walls and roofs to the outdoor air and the increased heat
losses due to higher ventilation rates, as Evans and de Schiller [9] explain. This is
due to cold air infiltration through doors, windows, and ventilation vents, a relevant
factor in the cold and windy climates of Patagonia and the high Andes region. In
this context, design decisions on housing layout play an important role by reducing
wind exposure considering density, outdoor space proportions, and distances between
buildings.

As de Schiller [15] points out, this can be achieved with favorable width–height
relationships, as well as the form and orientation of both housing units and grouping.
It should be noted that, in general, a lack of professional knowledge on wind design
strongly affects project development. Appropriate tools can be used to overcome this
deficiency such as computational fluid dynamics studies or wind tunnel tests during
the design process.

On the other hand, in the hot and humid climates of the NE Region of Argentina,
improved air movement achieved through cross-ventilation can reduce or even elimi-
nate the demand for artificial conditioningbymechanicalmeans,with the correspond-
ing reduction of costs and environmental and health impacts. This cross-ventilation
strategy requires suitable spaces between buildings considering their formand height,
windows on opposite sides of the housing units, and interior design to facilitate free
indoor air movement. In calm situations, without effective natural air movement,
ceiling fans offer comfort with very low energy demand, but this will require a suit-
able floor-to-ceiling height, which can affect building heights and the eventual length
of wind shadows on the layout scale.
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4.3 Key Factors on the Layout Scale

Energy savings achieved through insulation andbioclimatic designmust be compared
with the embodied energy of buildingmaterials and construction system components.

At the same time, planning decisions on layout and density affect the demand for
urban infrastructure to supply water, electricity, gas, etc., as well as the economy
regarding road and transport networks. Thus, these factors generate the following
impacts:

Embodied energy. While building materials and manufacturing processes require
conventional energy and generate greenhouse gas emissions (GHG), the design and
grouping of housing units can help to reduce the volume of materials used. The
possibility of sharing party walls is a relevant factor when estimating the environ-
mental and energy performance of the building envelope. However, in seismic zones,
double-party walls are required to separate adjoining structures.

Urban infrastructure. The cost of urban infrastructure, with sewer, water, electric-
ity, and gas distribution networks depends on the urban design and density of the
housing complex.

Building plots. The lot size substantially affects the ability to implement bioclimatic
design strategies on a housing unit scale. In turn, the design of the urban fabric is an
important factor that influences the definition of the infrastructure for each unit, in
extension and distribution.

Transport. The design of housing projects with increased population density also
promotes access to public transport and community facilities, improving both the
economy and accessibility, a relevant factor in the design of new settlements in
peripheral urban areas.

These factors are linked and strongly affect the design approach to promote sus-
tainable housing, complementing the sun and wind requirements analyzed in the
previous section.

The response to all these factors during the initial housing programme and layout
planning stage is essential to contribute to an effective design proposal. These will
then guide planners and designers, considering project consolidation and further
construction, to prevent energy inefficiency and poor comfort levels, avoiding or
reducing dependence on artificial conditioning over the housing life cycle.
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5 Discussion of Conflicting Requirements

In this context, it is relevant to consider conflicts between requirements to clarify the
process of analyzing specific conditions together with the potential contradictions
between them, for example:

• Different requirements for the implementation of measures to optimize solar gains
in colder seasons or sun protection in warmer months.

• Conflicting requirements between suitable orientations to achieve adequate cross-
ventilation or wind protection, and those needed for solar gains in winter and sun
protection in summer.

• Higher densities are required to optimize the compactness of the built fabric for
wind protection and heat conservation while lower densities improve solar access
for the housing units and outdoor spaces.

Other factors that may limit the implementation of the requirements established
in the project include the plot size and the orientation of adjacent urban subdivisions
within the urban fabric of the city where the new housing complex will be built.

It should be noted that the experimental housing groups studied in the analysis of
the R&D project include the development of different alternative designs following
the programmed conditions to compare with increasing levels of energy efficiency
considered in the study. These housing units, which had to be sited on plots with
four different orientations, have a typical land subdivision and a plot size of 10 m
wide. Within these conditions, designs were developed for four different cases to be
compared and evaluated using the following alternatives:

• Existing conventional housing, designed by the local provincial housing authority,
was used as a “reference” case.

• This was compared to units with the same design incorporating improved thermal
insulation of the building envelope.

• The next level applied bioclimatic strategies in an improved passive design to
achieve the benefits of layout and grouping of housing units.

• The final level included solar systems for water heating and photovoltaic modules
for power generation integrated into the improved passive design.

However, it should be noted that the inclusion and integration of these variants
in a single project of 16 houses with different designs limited the possibilities of
achieving optimal groupings at an urban scale. The different house designs in adjacent
plots reduce the benefits of grouping, as the conflicts in the following comparative
examples show.

5.1 House Orientation Versus Grouping & Layout

In plots with north and south access, the design of the housing unit achieves good
sunlight on the facades of the front or rear, respectively, while also allowing grouping
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Fig. 2 Orientation and grouping for solar access: 1. Row housing on east–west street; 2. Row
housing on north–south street with poor solar access; 3. Separated housing on north–south street
with better solar access but increased heat loss

houses with shared party walls, reducing the wall surface in contact with the outside
air, thus leading to greater energy efficiency.

On the other hand, in plots with east or west access, house design with favorable
solar gains requires north-facing facades to face the lateral party wall. This situation
can be compromised by the addition of an upper story in the adjacent unit to the
north. So, the building design, to optimize solar gains, also requires separate units
without the possibility of shared party walls, increasing energy losses in winter due
to a larger surface exposed to wind and outside air (See Fig. 2).

In this case, it is relevant to note that the distance between units is limited by
these orientations due to the 10 m standard plot width, reducing the possibility of
achieving adequate solar access in mid and high latitudes.

To implement effective cross-ventilation, the main rooms should be orientated
towards the prevailing winds with an acceptable variation of 45◦ in the horizontal
plane, preferably avoiding ventilation through two bedrooms, due to the loss of pri-
vacy and lower wind speed. With a 10 m standard plot width, good cross-ventilation
is achieved in units with two bedrooms on the ground floor, although three-bedroom
units require wider plots. As an alternative, a two-story house allows improved expo-
sure to both the breeze and sun with a larger façade surface, but increased height
may need more distance between units.
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Fig. 3 Spacing for solar access, wind protection, or breeze for cross-ventilation, with an additional
story extension producing winter shade

5.2 Layout Density Versus Sun and Wind Protection

Strong Patagonian winds increase energy demand for heating and decrease comfort
conditions in outdoor spaces. In this case, cold winds require reduced distances
between buildings and a layout to achieve the mutual protection of the units. At the
same time, to receive adequate sunlight, more space is needed between built volumes,
due to the low angular height of the sun in these higher latitudes from 40 to 55◦ South
(See Fig. 3).

By implementing an environmentally conscious design, it is then possible to
achieve favorable access to the winter sun from the north and protection from the
strong prevailingwinds from thewest and southwest, typical of the Patagonian region
of the country.

5.3 Layout Density Versus Solar Access

On 10 m wide plots with east or west access, only 4 m remain between the passive
solar system and the party wall of the adjacent house, 2.80–3 m high, to the north.
According to de Schiller [16], this proportion of outdoor space strongly limits access
to the sun for windows or passive solar systems at latitudes above 30◦. If the neigh-
boring houses build a second-floor extension at a later stage, the projected shadows
reduce further the favorable contribution of winter solar radiation (See Fig. 4).

5.4 Initial Housing Design Versus Subsequent Extensions

According to the Argentine Social Housing Policy and regulations, the initial design
of two-bedroom housing units should allow for a future third-bedroom extension.
It should be noted that the implementation of effective cross-ventilation and direct
winter sun access can be received in all the main rooms of two-bedroom single-story
units with conventional 10 m frontage plots.
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Fig. 4 Housing layout and energy demand for heating, central region Bioclimatic Zone III:
1. Free-standing house; 2. End of terrace House, 5.5% saving; 3. Mid-terrace house, 10.9% saving

However, with a later extension, the third bedroom receives no winter sun in
temperate and cool climates, and cross-ventilation could be limited or difficult in hot
humid climates. Therefore, better conditions can be achieved on a wider plot of 12.5
m frontage depending on the site available, even though this increases the cost of
land, access roads, and urban infrastructure extensions.

Alternatively, two-story houses can be designed, even though the higher units cast
longer shadows and reduce air movement on an urban scale. In this framework, the
conditions related to land tenure, property law, and land use regulations, typical in
Latin-American countries, have to be considered, as a relevant factor that determines
the possible future modification and extension of each dwelling. However, weak
building control exercised by municipal authorities is another situation that produces
informal additions to housing units, exercisedwithout building permits or compliance
with local building codes.

6 Achieving Benefits on a Layout Scale

The following relevant benefits can be achieved by using appropriate project design
measures, considering orientation and energy performance [11]:

Planned orientation. In existing homes with improved thermal insulation, as in the
case of the Zapala housing project, Neuquén Province, 40◦S, varying the orientation
from NE to SE increased energy demand by approximately 5%, with the same con-
struction cost. However, with an improved passive design, the variation in energy
demand was minimal in homes with four different orientations since all the windows
and passive solar systems had favorable NE and NW orientations.

Energy performance. A study of the energy demand in the four housing design
categories indicates the magnitude of potential reductions. These estimates consider
the total conventional energy demand for hot water, heating, cooking, and other uses.
Energy inputs include the contribution of conventional energy, the metabolic heat of
occupants, direct solar radiation through windows, and indirect radiation provided
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by passive solar systems. The values depend on variations of the plot subdivisions,
the layout design, and the proposals for house plans, as well as the contribution of
the construction, and characteristics of materials and the building system. They also
vary according to weather conditions, the supply of solar radiation, and latitude,
with possible adjustments for location and height above sea level. For example, in
very cold climates at high latitudes with limited solar radiation, housing clusters, and
compact shapes can offer greater benefits than increasing the north-facing surface
area, while in cold and temperate climates at low latitudes, capturing favorable solar
resources offers greater benefits than compact forms.

Another factor to consider when evaluating energy benefits in design decisions
and setting up the layout is the great variation in the total demand for housing in
different bioclimatic regions. The energy demand for heating and hot water in cold
climates is more than double that in temperate climates, while solar energy capture
can be halved. Thus, the priorities for urban design measures vary considerably in
different regions. The performance of solar collectors and photovoltaic panels also
varies according to their orientation to the sun.

It should be noted that units are often located parallel or perpendicular to the street
frontage, which also affects the performance of passive solar systems as the Energy
Secretary [12] warns. As an example, the results of efficiency losses are shown for
different solar systems according to orientation in the Buenos Aires Province, 34◦S:

• Photovoltaics: a PVmodule inBuenosAires loses only 2%of its annual generation
with a change from the optimal north orientation to 30◦ to the E or W of N, 5%
with a 60◦ variation, and 9% with east or west orientation.

• Thermal solar collectors: the useful energy for heating water decreases from the
optimum facing north, decreasing 2.5% as it swings 30◦ east or west. With a swing
of 60◦ from the north, the decrease is 7%, and at 90◦ reaches 15%.

• Passive solar systems: the reduction in useful solar energy is approximately 22%
with a NE or NO orientation, compared to the optimal to the north, although the
result may depend on other factors that affect shadow projections. With east and
west orientations, the contributions of solar systems are minimal. It should be
noted that solar systems can contribute up to 30% of heating energy demand in
favorable designs in this temperate climate.

• Grouping: houses with a shared party wall reduce heat losses by approximately
1.5–2%, while a terrace house with two party walls in contact with adjacent units
reduces losses by 2.5 to 3%.

A favorable urban design with suitable orientations of the units, adding all these
factors together, can provide an additional 5.5% saving of conventional energy, with
improved comfort at little or no cost, compared to a typical design layout with no
consideration of sun and/or wind orientations, based on an average reduction for
projects in different climate zones, Table 1.
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Table 1 Reduction in conventional energy with efficient building and solar gain

Measures to improve comfort Without better
grouping (%)

With better
grouping (%)

Saving
(%)

Housing design Improved wall
insulation

6.1 7.5

Improved roof
insulation

7.8 7.8

Reduce thermal
bridges

1.5 1.7

Improved windows 7.9 7.9

Control of
ventilation losses

5.1 5.7

Insulation of floors 0.7 1.0

Reduction in
conventional energy
demand for heating

29.1 31.5 2.4

Improved solar
gains

Better orientation
less shading

4.1 6.0

Avoidance of
winter shading

2.5 3.5

Replacement of
conventional with
solar energy

6.6 9.5 2.9*

* Site orientation, layout, and density reduce optimum solar gains, de Schiller [4]

7 Results of Implementing the Research

The results, although they achieve modest reductions in the conventional energy
demand, obtained key environmental benefits at very low cost, and the contributions
enhance measures on other design scales, both in architectural design and construc-
tion. This saving, estimated at 31%, contributes to a total average conventional energy
saving, through improved thermal envelopes and construction details and the appli-
cation of bioclimatic design strategies on an urban layout and unit scale, together
with rational design integration and feasible implementation of both thermal and PV
modules solar collectors.

These particular issues integrated into a general overview of the relevance that
energy demand must be considered at the project design stage, but as mentioned
previously, these solar installations, with higher costs, can then be incorporated after
construction, in subsequent improvements and/or extensions, only if the basic condi-
tions for solar access were considered from the very beginning of the layout design
process.

The energy and economic benefits are greatest in colder high-latitude or high-
altitude locations, while the social value of improved comfort and use of outdoor
space are additional advantages in all locations. Design decisions on an urban lay-
out scale have a significant impact on energy demand, complementing measures on
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architectural and construction scales. In this regard, it should be emphasized that
measures such as thermal roof insulation or improved window quality can be incor-
porated over time but initial design decisions on subdivisions, plot size, access, and
orientation, are fixed and cannot be modified once the houses are built.

In this way, the influence of orientation and plot size generates long-term impacts,
which last beyond the lifetime of the buildings. Additionally, subsequent extensions,
typical of many housing projects, often added to meet the requirements of growing
families, increase the useful space but may decrease environmental quality, generat-
ing greater dependence on conventional energy supply.

At the same time, densification offers economic benefits in the provision of trans-
port, efficient land use, and access to urban infrastructure, as de Schiller [16] men-
tions, although it can limit the flexibility and reduce the environmental quality of
housing, as explained by the Secretary of Housing [7].

As a result of the studies undertaken, improved thermal standards for social hous-
ing were implemented by the National Housing Authority, and the Ministry of Inter-
nal Affairs, such as better external envelope performance and solar water installations
in all regions of the country, effectively contributing to removing barriers in social
housing projects in the context of sustainable development, and promoting innovative
legislation for social housing projects, as Evans and de Schiller [17] show.

8 Conclusions

Estimates of potential energy-saving measures on a housing planning scale achieve
the modest but significant long-term advantages with a favorable cost–benefit ratio.

The combination of decisions on a project scale with complementary measures at
the architectural and construction scale enhances energy efficiency while achieving
significant reductions in conventional energy demand and resulting greenhouse gas
emissions.

It should benoted that designdecisions and energy-consciousmeasures on a layout
scale also offer the benefits of improved comfort in indoor and outdoor spaces.

Inmultiple ways, removing barriers in the application of bioclimatic design strate-
gies at the scale of housing groups and general layout design decisions in a differ-
ent and complementary view, integrated with energy efficiency measures and the
implementation of solar renewable energy, contribute to the goal of achieving more
sustainable social housing development in the Global South.
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Adaptive Passive Measures for Tropical
Climates—A Case Study for Mauritius

Mahendra Gooroochurn

Abstract Tropical climates, typically marked by high relative humidity, require
bespoke considerations to improve energy efficiency and thermal comfort in built
spaces.With evermore adverseweather patterns causedby climate change, evidenced
by temperature extremes, and rising peak electrical power demand caused by greater
reliance on air-conditioning systems, the carbon footprint of buildings is expected to
increase progressively unless passive measures based on bioclimatic design consid-
erations are integrated into new constructions and retrofitted in the existing building
stock. This chapter reviews the passive measures tested in tropical climates to rate
their efficacy, and identify barriers that have prevented their widespread adoption. As
building systems and contexts become increasingly complex, andwith the prevalence
of micro-climates, bioclimatic design tools coupled with adaptive passive measures
are needed to effectively define and regulate the interaction of the building envelope
with the environment it is situated in. The warm coastal region and the colder central
plateau of Mauritius are taken as a case study to present the necessary customization
and modulation of passive measures. Furthermore, this chapter looks ahead to the
application of IoT andmachine learning algorithms for predictive control of building
elements.
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1 Introduction

The rapid rate of urbanization has placed unprecedented pressure on utilities, where a
direct and unsustainable coupling has been observed between carbon emissions and
an increase in built-up areas. This has been accompanied by an increase in natural
disasters including flooding, heat waves, drought, and climate extremes linked to
climate change. Climate change is today considered as one of the most pressing
challenges facing humanity, with a consensus being sought at the COP26 conference
on climate targets to stay within the elusive goal of keeping global temperature rises
under 1.5 ◦C. The built environment, as a mitigation measure, is a central theme in
discussions to achieve this goal, given the significant resources associated with the
construction, operation, and demolition of buildings [1].

However, adaptation measures will be just as important to deal with the conse-
quences of climate change. The carbon emissions associated with the built envi-
ronment are related to the energy used in running active building systems such as
lighting, air-conditioning equipment, and mechanical ventilation seeking to provide
a suitable indoor environment for occupants. The increased use of HVAC systems,
the consequence of harsher weather patterns, has been a concern around the world,
while a lack of development strategies has also been linked to the increased cooling
requirements [2]. The increased installation of air-conditioning equipment recently
inMauritius in response to harsher summers, and the associated increase in peak elec-
tricity demand, are clear evidence of an unsustainable correlation between carbon
and building footprints.

The fundamental need to consider bioclimatic design when incorporating passive
elements in building design is well documented and heavily emphasized in green
building design literature. Moreover, the close correlation of indoor environmental
quality and energy use with the prevailing dynamic ambient conditions means that
the ability to modulate the influence of passive elements on the interaction with the
building envelope can reap further rewards. The objective of this chapter is to first
present the main research findings reported in the literature on bioclimatic design
principles for passive building design, with a focus on tropical climates, followed
by the efficacy of passive and hybrid systems investigated in Mauritius, including
the automation of passive measures. The results obtained are set in the context of
Mauritius’ climate zones to show the appeal of implementing IoT and machine
learning techniques to modulate the influence of passive systems on the building
envelope, and thereafter the indoor environment, as opposed to keeping them as
static elements. Finally, research is provided on the development of customized AI
algorithms for different building typologies, proposing a 3 × 3 building simulation
model.

The chapter is structured as follows: Section 2 describes the tropical climate
of Mauritius followed by a review of passive design research findings in Sect. 3.
Section 4 focuses on bioclimatic design to discuss the potential of using passive
measures for the different climate zones inMauritius based on past experimental and
simulation studies, including investigations on the automation of passive measures.
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Section 5 concludes the chapter and provides guidelines for applying IoT technology
and AI algorithms to regulate the influence of passive measures.

2 Tropical Context of Mauritius

Mauritius has a complex climate distribution, that has not been segregated into cli-
mate zones for building performance assessment. The presence of micro-climates
further complicates establishing distinct climate zones, although such a delineation
will be key to establishing reference (or notional) building parameters. This is seen
as a key step in the performance assessment of future buildings, e.g., the Part L regu-
lations in the UK and the ASHRAE 90.1 performance rating method, where baseline
energy (or carbon) performance is required to make benchmark comparisons. In gen-
eral, Mauritius has a high level of humidity across the island and has a high-altitude
central plateau with a warm climate regime in summer (October–March) and a cold
one in winter (April–September). This would warrant cooling in summer and heat-
ing in winter, although fixed heating systems are not common and people in these
regions resort to small portable air-based heating systems when needed.

On the other hand, the focus has been on installing fixed air-conditioning sys-
tems across the whole island, especially in commercial buildings, although recent
years have witnessed an increase in HVAC installations in the residential sector too,
mainly the result of harsher summers under the effects of climate change. The situ-
ation throughout the lowlands and coastal regions has been different, with a greater
need for cooling, although winter temperatures generally provide suitable conditions
for thermal comfort without the need for active cooling. However, a marked change
has been observed over recent years, again attributed to climate change, where record
low temperatures have been observed in conventionally warm areas, e.g., at Pample-
mousses in the north of the island.

The tropical climate does not experience significant seasonal and diurnal varia-
tions like other climate types, with peak summer temperatures of around 35 ◦C and
winter temperatures as low as 12 ◦C being common in Mauritius, although recently
a record low temperature of 8 ◦C was reported during the winter of 2021. The diur-
nal temperature variation involves fluctuations of around 10 ◦C, which provide good
scope for night flushing in summer periods. Unfortunately, this period coincides with
the mosquito breeding period, limiting the ability to harness the cooler external air,
while a lack of pressure gradient indoors can also limit airflow through these spaces.

The solar position does not change dramatically across seasons, with the sun
rising around the Northeast–East and setting in the Northwest–West orientations
at the winter solstice, and rising around the Southeast–East and setting around the
Southwest–West orientations at the summer solstice as far as the azimuth component
of the solar angle is concerned, with a maximum elevation of 90◦ at the summer
solstice and a minimum elevation of around 45◦ at the winter solstice. Knowledge
of the solar position can result in interesting passive design as illustrated in Fig. 1
for overhang design, and the use of deciduous plants as shown in Fig. 2.
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Fig. 1 Summer and winter sun positions [3]

Fig. 2 Use of trees to provide flexible shading on building facades

The increased dependence on active cooling is a clear indication of the overar-
ching need to limit heat gains across Mauritius’ climate zones, but adaptive passive
measures may be a better avenue for certain areas. Furthermore, reduced costs for
renewable energy systems such as solar PV (priced at $10.50 per kW for ground-
mounted and $17.50 per kW for roof-mounted in the cost model proposed by [4])
and solar thermal systems (with a price range based on current market rates, starting
from around $500 for a 150 L non-pressurized system to around $1300 for a 300
L pressurized system) over the past decade, coupled with the good solar yield in
tropical climates (mean annual average insolation that varies from 1237 kW h/m2

to 1901 kW h/m2 over Mauritius [5]), means their integration into the built environ-
ment will allow further improving the energy performance with a favorable return
on investment. Nevertheless, achieving maximum energy efficiency using passive
design measures should remain the priority before considering any renewable energy
system, as depicted in the workflow for a holistic, integrated building design process
recommended by green building frameworks such as LEED1 and BREEAM.2 With

1 https://www.usgbc.org/leed.
2 https://www.breeam.com/.

https://www.usgbc.org/leed
https://www.breeam.com/
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the advent of renewable energy sources at affordable prices and increasing efficiency
of conversion, their integration into the energy mix of buildings can be seen as an
effective move to green for the built environment, but renewable energy should be
considered when the energy efficiency has been optimized with due consideration of
passive design and building energy systems control.

Moreover, since erecting buildings necessarily leads to disruptions in the site’s nat-
ural characteristics, not considering solar positions and regenerating natural systems
by integrating vegetation into the built environment can lead to serious disruptions
in indoor and outdoor spaces, as witnessed in the planned Hanoi capital city [6] and
Putrajaya in Malaysia [7–9].

3 Bioclimatic Design and Passive Measures

Bioclimatic design pertains to the due consideration in the building design process of
the prevailing climate at the project site, and passive measures relate to the incorpo-
ration of building elements as part of the building envelope itself so that the building
can regulate the air, heat, and light transfer between the indoor and outdoor envi-
ronments. The importance of bioclimatic design has led to active research into tools
and methods that consider the climate and thus influence building design [10, 11].
Glazing is one of these tools, and it is a crucial element of a building thanks to its
functional (access to views, daylight, and air movement) and aesthetic attributes, but
at the same time, it allows direct solar radiation to penetrate indoor spaces, gener-
ally, with high thermal parameters (thermal conductance, U-value and, solar heat
gain coefficient, SHGC). The extent to which this key element can be integrated, as
characterized by the Window-to-Wall (WWR) ratio, has been attracting the interest
of several researchers [12, 13].

The design of shading devices for windows needs to consider the range of solar
elevation angles that will be encountered along that particular orientation throughout
the year, and whether there is a strict need to keep out direct solar radiation through-
out the year or not. Weather variations over seasons or days in a given season can be
tackled simply by installing flexible shading devices such as awnings, louvers, and
shutters (See Fig. 3), although this places the responsibility on the user to appro-
priately control the systems, and there lies the appeal of having simple mechatronic
systems to control the deployment of these passive measures and optimize the har-
nessing of natural resources by monitoring relevant external climate parameters and
indoor conditions.

The other heat sources/sinks in a building occur through the roof and wall, which
can have both heat transfer characteristics (conductive and radiative) and thermal
mass. Although thermal mass has been considered an effective passive measure,
the occupancy profile is also an important consideration. For example, having the
building envelope absorb heat during the day and emit it back to indoor spaces in
the evening may not be desirable for a residential-type occupancy. The roof, the
most exposed part of a building, can be the prevailing source of heat gains in a
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Fig. 3 External shading devices for low-elevation sun [14]

building, and several approaches have been considered to passively regulate heat
transfer, including cool roofs and green roofs. Al-Obaidi et al. [15] concluded that
the solar reflectivity of the roof surface is the most important component of the Solar
Reflective Index (SRI) when assessing the performance of a cool roof, whereas Yew
et al. [16] showed the possibility of using a ventilated cavity to dissipate heat through
convection and natural wind pressure. Zhang et al. [17] confirmed the effectiveness
of cool roofs and, at the same time, the significance of heat gains through the roof
by reporting on a payback period of only 1.4 months.

Another effective and highly sustainable measure for the built environment is the
green roof, which has the benefit of modifying the roof construction itself and hence
is not simply a shading element. Through its various layers (typically protection,
drainage, filter, and substrate layers), a green roof attempts to replicate the soil
characteristics in only a few centimeters of the substrate.

Nevertheless, both cool and green roofs are fixed passive measures, which can
work very effectively in summer conditions but may work against providing a com-
fortable indoor space during winter periods, especially for colder areas where no
heating system is installed. Indeed, installing green roofs in the central plateau region
in Mauritius may lead to colder indoor temperatures, warranting the installation of
elaborate heating systems. However, other passive measures can be considered to
complement the loss of heat gains, such as allowing beneficial direct solar radiation
to penetrate the spaces through glazed areas.

The thermal comfort and energy efficiency of indoor spaces can be enhanced by
promoting air movement across the building asmuch as possible, especially when the
ambient conditions are suitable for achieving human comfort. Human comfort can be
assessed using the parameters of the ASHRAE 55 standard [18], although research
into bespoke thermal comfort models is needed to adapt solutions to the local context
and avoid overdesign as highlighted by Attia et al. [19] when developing bioclimatic
design strategies forMadagascar. For example, enforcing a 60%maximum allowable
humidity level in Mauritius will mean there are no hours during the year which can
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be classified as comfortable and that active cooling and dehumidification need to be
prescribed when the reality is that humidity levels above 60% can be admitted for
thermal comfort.

In a nutshell, the research reported in the literature strongly supports the integration
of passive design principles into the sustainable design of spaces as well as for
retrofitting existing buildings. The prime focus for passive design should be providing
shading from unwanted solar radiation to prevent overheating and promoting cross-
ventilation to flush the spaces as regularly as possible with fresh air. The regulation
of heat transfer through glazed surfaces necessarily comes as a trade-off for daylight
penetration, but as illustrated with the automated solutions later in this chapter, it
becomes possible to limit this compromise to just periods when there is a risk of
overheating.

4 Exemplar Passive Designs Tested in Mauritius

This section reviews selected passive measures tested in Mauritius, in view to illus-
trate in Sect. 4.4 how they can be automated to provide the desired flexibility in their
operation.

4.1 Analysing the Efficacy of Passive Measures for Mauritius

A comprehensive research study was carried out by Gooroochurn et al. [20] to assess
the efficacy of passive design measures for the tropical climate and concrete con-
struction culture of Mauritius using simulation models and experimentation. The
following passive measures were considered, with a focus on shading provided to
the building elements:

• External shading devices for high-angle and low-angle sun.
• Internal shading using curtains.
• Pitched roof.
• Roof shading.

The emphasis of this research work has been on shading, as priority was given
to stopping solar radiation from causing excessive heat gains as opposed to subse-
quently remediating the effect of a high solar gain. The research was based on a
new simulation model (Fig. 4) that is not a specific building layout in itself as this
approach would require a large number of simulation models to be used. The simple
three-by-three array of spaces was conceived to allow analyzing heat transfer through
outdoor building elements connected to a given indoor space, to understand the heat
flow dynamics in that space, hence the influence of passive measures on the thermal
phenomena involved. In this way, despite the spaces being connected, each space was
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Fig. 4 3×3 space layout used to assess passive measures and controls [20]

handled separately. The philosophy behind this approach was again dealing with the
source of any heat gain or loss at its root as opposed to dealing with the subsequent
effect.

Even though the simulation model does not represent an actual building layout, it
allowed producing sub-space scenarios that will be encountered in a real layout, and
hence provides a simple, yet powerful methodology to study the complex building
physics involved in deciding the prevailing temperature (air, operative, and radiative)
and heat gain/loss in the indoor spaces. The simulation model was made using the
Designbuilder® software and consists of rooms one to eight with external walls and
room nine with no external walls.

The odd-numbered spaces have only one external façade with a corresponding
glazed surface, and the even-numbered spaces have two, and the outside walls are
mutually perpendicular to each other, with their respective glazed areas. When this
hypothetical layout is rotated through 360◦ in suitable increments (10◦ was used
in the study), each rotation yields configurations of spaces that will be found in
practice in real building layouts, andhence the results of the correspondingparametric
analysis can be applied. The research findings also presented four sets of indoor air
temperature measurements recorded during summertime in a two-story house on the
first and second floors, with northeast and southwest orientations, to compare the
trend obtained with the simulation results.

4.1.1 Simulation and Experimental Results

The rooms with corner configurations (even-numbered rooms) were particularly
difficult to deal with, as direct solar radiation from the glazed surfaces, at different
times during the day, led to heat agglomeration, significant peak heat gains (up to
five times more), and radiative heat from interior walls and roof surfaces. When
used in conjunction, roof and glazing shading were found to work effectively in
achieving significantly reduced heat gains, whereas dealing with one element only



Adaptive Passive Measures for Tropical Climates—A Case Study for Mauritius 125

led to increased heat gains in the other due to the thermal balance that needs to exist
based on laws of thermodynamics. Even if the walls were found to yield relatively
lower heat gains, the radiative effect of the heated surfaces caused by the high thermal
mass of the concrete constructions was an important phenomenon to factor in. An
exterior high reflective wall finish was found to be an effective way to limit the heat
accumulated on the skin and the subsequent radiative heat.

The use of simple curtains as an internal shading device was found to be a low-
cost solution for existing buildings and for low-cost housing, where external shading
cannot be considered, although external shading yielded better heat regulation results.
Since the roof is of prime concern for Mauritius, the benefit of constructing single
and double-pitched roofs, instead of flat roofs was investigated. The reduction in
the peak cooling load was found to be marginal and deemed not significant enough
to warrant a change in construction practices from the flat roof which is common
in Mauritius, given the significant cost this would entail and the limitation in not
allowing further vertical extension. The use of highly reflective coating and green
roofs was deemed more favorable [21].

The experimental measurements clearly showed the significant influence of flat
roofs as a source of heat gain. This was done by comparing the temperature on the
first and second floors and the equally significant high heat gains in the northeast
orientation through the glazed openings as compared to the southwest orientation,
which does not see the sun, which supported the simulation results.

4.2 Ventilated Façades

The use of single-sided hollow blocks (See Fig. 5 left) leads to trapped air pockets
(See Fig. 6), which further increases the radiative effect and increases the amount of
time needed for wall surfaces to cool down to the ambient temperature at night. To
circumvent this problem, Gooroochurn et al. [22] tested a space-saving ventilated

Fig. 5 Normal single-sided hollow block (left) and light double-sided hollow block (right)
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Fig. 6 Heat trapped in cavities with normal blocks

Fig. 7 Heat control with ventilated cavity

façade using double-sided hollow cavity concrete blocks (See Fig. 5 right), already
available on the market, making slots on the outside wall to allow the connected air
cavities to be flushed passively when heated air rises through the buoyancy effect
(see Fig. 7).

The experimental results of indoor surface temperatures measured in the different
directions for a reference building (with normal, single-sided blocks) and an adjacent
building built with light, double-sided hollow blocks, show reduced indoor surface
temperatures across all orientations, with as much as a 6 ◦C drop observed in the
west direction. As explained below, this system is also amenable to controlling the
buoyancy effect during day and night-time flushing, so that the system can be readily
adapted to indoor and outdoor conditions and for the desired indoor environment.



Adaptive Passive Measures for Tropical Climates—A Case Study for Mauritius 127

4.3 Solar Chimney

Despite the reported benefits of solar chimneys in the literature for promoting cross-
ventilation in buildings, especially during periods of low wind regimes, the local
construction industry resisted their conventional integration into buildings as a black
concrete tower erected at roof level for esthetic and structural reasons, and due to
lack of scientific findings on their performance in the local context. To provide a
simpler, cheaper, and more acceptable design, which can be constructed using local
workmanship available in the aluminum industry, Gooroochurn et al. [23] proposed
a solar chimney made of glass panes and an aluminum structure (Fig. 8).

The proposed system can be installed either fixed to facades or roof mounted, as
in both cases, the buoyancy force generated can be used to cause pressure gradients
in indoor spaces and lead to forced ventilation. The installation of a solar chimney
on the roof is beneficial in being exposed to the sun throughout the day, hence
promoting airflow for longer periods, whereas the façade mounted one will only
be exposed during certain periods of the day, depending on its orientation. Given
the solar path in Mauritius, having solar chimneys in the northeast and northwest
orientations will permit greater exposure during the day. However, roof-mounted
systems impose greater structural implications on the building and may lead to water
ingress problems during heavy rainfall periods, which needs special attention. The
installation of several façade mounted systems at strategic orientations (for example
one in the northeast and one in the northwest) can also be considered to achieve
airflow for longer periods of time.

Fig. 8 Glass-based, wall-mounted solar chimney prototype [3]
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4.4 Automation of Passive Measures

A whole range of control strategies has been applied in the modulation of building
systems, reviewed by Alkhatib et al. [24]. The implementation of intelligent controls
requires a knowledge base for decision-making and hence a priori information about
the process. As discussed earlier, passive design in itself offers a static response
to environmental stimuli and can lead to limitations regarding the highly dynamic
nature of weather patterns at the project site.

However, access to hardware and softwaremodules needed to implement required
mechanisms may not be easily accessible in tropical countries, as pointed out by
Byon and Jeong [25]. Hence, developing and integrating low-cost mechanisms to
automate passive measures for air, light, and heat control represents a nice opportu-
nity for businesses, both existing ones, and start-ups. The three-by-three simulation
model described earlier was configured to be able to simulate performance with no
automated passive measures implemented and one with these implemented. In the
Designbuilder® model considered, electrochromic glazing control was configured
to model the shading of glazed openings, and the cooling degree day metric, with a
base temperature of 25 ◦C was used to compare the results, showing a 12.6% reduc-
tion. Meanwhile, fully shading the windows yielded a 15.6% reduction. This shows
that implementing an automated system to control glazed opening shading allowed
balancing the trade-off between heat gains and daylight penetration. In practice, the
window shading mechanism can take the form of a curtain control or blind control.
The proposed three-by-three simulation model offers the added possibility of gen-
erating intensive datasets for climate data and targeted output parameters such as
operative and radiative temperatures and heat gains through the different building
elements.

5 Discussion and Conclusion

The built environment has rightly received great interest in the sustainability agenda
of the world’s nations, and has an important human dimension apart from the infras-
tructural considerations, given that we spend so much time indoors and the prevail-
ing indoor environmental quality affects our health, mental state, and performance.
Harnessing natural resources at a site level is a key circular economy principle, in
line with bioclimatic building design, that needs close attention. At the same time,
measures need to be taken to prevent these site elements from deteriorating indoor
conditions, and this is where passive design plays the crucial role of modulating the
transfer of air, heat, and light between indoor and outdoor environments.

Therefore, as elaborately presented in this chapter, passive design is a key skill and
knowledge that needs to be imparted to designers of building projects. In its absence,
it will be difficult to ascertain the environment-friendliness of building projects. The
focus of the passive measures considered has been shading to tackle the causes of
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heat transfer instead of the effects. Once the fundamental level of passive design
has been satisfied, further opportunities to promote better indoor conditions with a
reduced carbon footprint can be sought by automating these passive measures, and
studies have shown the benefit of implementing smart controls for air, heat, and light
interactions between the building and its immediate surroundings. This has been
demonstrated through a non-exhaustive list of passive measures such as automated
curtains, external shading, ventilated walls, and solar chimney systems.

Looking ahead, the use of IoT sensors and actuators to collect real-time data on
ambient and indoor conditions, and accordingly regulate the performance of pas-
sive measures can be implemented as a predictive control strategy [26], where AI
algorithms can be applied for the decision-making. However, AI algorithms need
extensive datasets to train the learning engine, which is difficult to develop for each
building typology, although the dynamic tuning of the learning engine performance
can be achieved during operation through reinforcement learning. The initial training
dataset for the specific configuration of a given building layout can be generated from
simulation models, for example, the three-by-three array model presented earlier can
be used for this purpose. In conclusion, an optimized framework for achieving energy
efficiency and thermal comfort can be achieved, by combining passivemeasures con-
ceived through bioclimatic design considerations for the specific site, controllable to
be able to influence the interaction between the building envelope and the ambient
environment, and at a higher level, being able to predict the anticipated indoor condi-
tions using AI techniques. This design configuration will offer the needed resiliency
against weather vagaries while making maximum use of natural resources available
at the project site.
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Exploring the Potential of Adaptive
Behavior as a Tool Intended for Comfort
and Saving Energy

Hanan Al-Khatri

Abstract Thermal adaptation processes involve all the actions taken by people to
acclimatize themselves to their thermal surroundings. Based on the adaptive principle
of thermal comfort, it is possible to view these processes as a tool that architects and
engineers can use to satisfy indoor thermal comfort demands. Nevertheless, doubts
arise in doing this because of the complexity of quantifying the adaptive behavior
impact on energy savings. The need to understand when, where, and how to use each
adaptive action requires artificial intelligence because its techniques can intelligently
control adaptivemeasures to satisfy the competing demands of achieving indoor ther-
mal comfort and saving energy. The narrative review in this chapter indicated the
potential role of adaptive actions in removing the barrier of satisfying thermal com-
fort demands in public buildings with minimum energy consumption. The expanded
application of artificial intelligence in thermal comfort research is promising in quan-
tifying adaptive behavior’s role as an intended design tool to achieve indoor thermal
comfort. Fuzzy logic and neural networks are the most useful among the differ-
ent artificial intelligence techniques. Research is required to explore the role of
other adaptive actions besides operating windows that captured several researchers’
interest.
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1 Introduction

Reflecting a broad interest, several fields of scientific research provide definitions of
thermal comfort including psychology, physiology, physics, and sociology among
others. The American Society of Heating, Refrigerating and Air Conditioning Engi-
neers (ASHRAE) defines thermal comfort as ‘that condition ofmindwhich expresses
satisfaction with the thermal environment.’ [1, p. 4]. This definition considers the
psychological aspect of thermal comfort [2]. Likewise, thermal comfort is defined
as ‘the sensation of well-being of an individual in a specific environment’ [3, p. 32]
and as ‘a state in which there is no driving impulses to correct the environment by
behavior’ [4, p. 2.4].

Physiology considers that thermal comfort is achievedwhen the thermal receptors,
distributed in the skin, and the hypothalamus produce the minimum reaction to the
surrounding temperature or its change [5]. Physics defines thermal comfort as an
equilibrium condition where thermal balance is achieved between the human body
and the surrounding environment taking into consideration that both sweat rate and
skin temperature are kept in the comfort range [2].

It is worth mentioning that thermal comfort and thermal neutrality are widely
used interchangeably despite the distinction made between them by some studies.
This is witnessed in ASHRAE’s thermal sensation scale, where the central categories
(slightly cool, neutral, slightly warm) are considered to represent thermal comfort
[6]. This is in line with the thermal comfort definition set by Fanger as ‘a condition
where people prefer neitherwarmer nor cooler’ [7]. It is noteworthy that theChartered
Institution ofBuilding Services Engineers (CIBSE) defines thermal neutrality as ‘that
situation in which people describe themselves as neither cool nor warm’ [8, p 1.7].

It is possible to consider thermal comfort as a regional field of research. This is
mainly because of the influence that the climatic, cultural, and social background
factors have on the thermal comfort of different groups of people as emphasized by
many studies [9–14]. For instance, indoor thermal comfort was achieved during the
1970s in Iraq and Britain at 32 ◦C and 17 ◦C, respectively [15]. Iraq is an Arabic
country located in a hot desert climate according to the Koppen-Geiger climate
classification, whereas Britain is located in a temperate oceanic climate. Based on
this, it is crucial to consider this regionalism when studying thermal comfort, which
is taken into consideration in this chapter that focuses on thermal adaptation in the
region between the Tropic of Cancer and the Tropic of Capricorn.

This chapter is a modest contribution to the efforts of removing barriers to thermal
comfort in the Tropics region. Considering the climatic conditions of this region,
it may not be possible to satisfy indoor thermal comfort demands, especially in
public buildings, without consuming large amounts of energy. Indeed, several recent
studies have highlighted the rapid escalation in energy consumption for cooling and
heating purposes. This barrier is formed by the collective contribution of several
challenging factors. As demonstrated in Fig. 1, examining these factors points to
the influence of climate change, energy poverty, buildings’ architectural features,
the subjective nature of thermal comfort, restrictions on adaptive behavior, and lack
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Fig. 1 Contributing factors to the barrier to achieving thermal comfort in public spaces without
consuming large amounts of energy

of awareness of adaptive behavior’s role in achieving thermal comfort. The efforts
required to remove the factors that contribute to this barrier are not equal. For instance,
relaxing the restrictions on adaptive behavior or improving the buildings’ response
to their climates is not on the same scale as counteracting the influence of climate
change or eliminating energy poverty. This chapter attempts to balance the need to
satisfy thermal comfort demands with reasonable energy consumption in buildings
by exploring the possibility of integrating adaptive behavior as a tool intended to
achieve thermal comfort in buildings. This integration is promising as witnessed in
the emerging personal comfort models [16–18].

2 Thermal Adaptation

Thermal adaptation is closely related to thermal comfort, and it includes all behav-
iors people perform to thermally adapt to the surrounding environment aiming at
achieving thermal comfort or, at least, reducing thermal discomfort [19–21]. The
processes of thermal adaptation vary in their effectiveness, economic consequences,
ease [22], environmental consequences, and availability. They are categorized into
psychological, physiological, and physical processes as presented in Fig. 2.

Psychological adaptation such as exposure time, expectation, and naturalness has
a considerable influence on thermal comfort. In general, these mechanisms affect
thermal tolerance and behavioral actions and, therefore, thermal acceptance, per-
ception, and adaptation. For instance, exposure time has a considerable effect on
determining the acceptance of thermally uncomfortable environments [23]. People
exhibit higher tolerance if they spend less time in such environments.

The thermal expectation is based on people’s thermal experiences, and it affects
their thermal acceptance of the surroundings as well as some behavioral adaptation
actions like changing postures, changing clothing, or drinking hot or cold beverages.
It has a negative effect on tolerating air temperature fluctuations in air-conditioned
buildingswhere it is generally high comparedwith naturally ventilated buildings [21].
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Fig. 2 Thermal adaptation processes

Exploring the influence of thermal history on expectation revealed the complexity and
difficulty associated with lowering thermal expectation compared with adaptation to
a new ambiance [24]. Indeed, the thermal experiences of cool environments narrow
the comfort range, which is negatively reflected in people’s thermal adaptability [25].

In contrast, naturalness, which is the indoors’ natural appearance achieved mainly
by internal plants and landscape views, is positively reflected in adaptability as it
broadens acceptability ranges [20]. Aesthetically beautiful environments provoke
higher levels of satisfaction, and they result in lowering thermal sensation votes under
hot summer conditions [26]. A direct statistical correlation connects the increase in
the sense of place and its beauty, including naturalness, on the one hand, and the
increase in thermal adaptation, and therefore, thermal comfort, on the other [27].

Physiological adaptation is time-dependent. It can occur in a few days or weeks or
several years. The acclimatization process is an example of a shorter term adaptation,
whereas the genetic adaptation is an example of a longer term adaptation [20, 21,
28]. Acclimatization is achieved when the body’s sensitivity toward certain thermal
conditions, that represent thermal stress, is reduced. The reduction in sensitivity
can be achieved by being frequently subjected to thermal stress. Other forms of
physiological adaptation can occur in even shorter periods like vasoconstriction,
vasodilatation, shivering, and sweating. Both vasoconstriction and vasodilatation
are related to blood circulation in the skin’s surface vessels. The former occurs under
cold conditions, where the vessels contract in an attempt to reduce the heat loss from
the skin. On the contrary, vasodilatation involves expanding the vessels to increase
heat loss from the skin under hot conditions [19, 29].

Known also as behavioral adaptation, physical adaptation is affected by climatic,
social, cultural, and economic factors as well as the architectural features of the



Exploring the Potential of Adaptive Behavior as a Tool Intended … 137

buildings [22, 30]. It involves behaviors like consuming hot or cold beverages or
food, changing posture, clothing, or activity, switching on or off fans or air condi-
tioning systems, and opening or closing windows, doors, or curtains [11, 20, 31].
These behaviors can be classified into two groups, namely reactive and interac-
tive behaviors. The first involves changing the person’s thermal state and the other
involves changing the surrounding environment [20].

2.1 Thermal Adaptation and Thermal Comfort

Thermal adaptation is closely related to thermal comfort. This relationship is clearly
expressed in the adaptive principle of thermal comfort, which states that ‘if a change
occurs such as to produce discomfort, people react in ways which tend to restore their
comfort’ [16, p. 8]. This implies that relaxing the possible restrictions of thermal
adaptive actions can help occupants in achieving thermal comfort. From an energy
perspective, thermal comfort can be restored by active actions like switching on an air
conditioning unit, or by passive actions like opening a window. The latter consumes
no operative energy.

It is ultimately crucial to enable the buildings’ users to restore indoor thermal
comfort by passive means. This is a duty of architects and engineers as well as a
matter of environmental awareness among the buildings’ users. The justification for
this is witnessed in the scenarios that predict increasing cooling energy in buildings
due to the influence of climate change [32]. As a matter of design, there is a need
to quantify the role of each adaptive action in achieving thermal comfort levels. The
difficulty associated with this task forms a real barrier to achieving indoor thermal
comfort. Adding to this difficulty is the regional nature of thermal comfort that is
influenced by climatic, cultural, and social background factors [9, 33–37]. Hence,
any attempts to overcome this barrier should be regional.

It should be remembered that relying on any adaptive action has a certain limit
after which this action is no longer useful for restoring thermal comfort. Such a
situation is called adaptive saturation. It should also be remembered that restrictions
on adaptive actions are present in buildings owing to different reasons including the
buildings’ architectural features, operational reasons, outdoor context, and cultural
preferences. In this regard, the question of the extent to which it is possible to depend
on adaptive behavior to achieve indoor thermal comfort is important and relevant.
Researchers should strive to provide reliable answers despite the difficulty associated
with these attempts.

3 Adaptive Behavior as a Comfort Tool

A major and basic function of any building, regardless of its type, is to achieve
thermal comfort for its users. To do this, designers and engineers depend on
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different passive and active tools like passively optimizing the building envelope
and integrating heating, ventilation, and air conditioning (HVAC) systems. Regard-
ing the adaptive principle of thermal comfort, the adaptive behavior of the building’s
users can be thought of as another tool that contributes to achieving thermal comfort.
However, this tool has a special nature that distinguishes it from other tools, which
may partially illustrate the explicit avoidance of depending on it as an ‘intended’
method to achieve thermal comfort for the buildings’ occupants. This is justifiable
because relying on adaptive actions in their simple forms like opening a window, for
instance, does not guarantee satisfying the demands of indoor thermal comfort. On
the contrary, these adaptive actions may exaggerate thermal discomfort if performed
incorrectly. Hence, there is a substantial need to understand when, where, and how
to depend on each adaptive action to have a positive impact represented in passively
achieving thermal comfort or by consuming a small amount of energy. The difficulty
of these questions arises from the complexity of the factors that affect adaptation
behavior.

4 Methodology

A narrative literature review was performed motivated by the question of quantify-
ing the role of adaptive behavior in achieving indoor comfort and saving energy. To
search for answers to this question, different approaches for reviewing the published
literature are available including realist synthesis, meta-analysis review, systematic
review, and narrative or non-systematic review. The latter was applied because of its
broad scope thatmatches the nature of the question. Scopus, ScienceDirect,Abstracts
in New Technology and Engineering, and Civil Engineering Abstract databases were
consulted using a keyword search of thermal adaptation, thermal comfort, thermal
acceptability, thermal sensation, thermal preference, comfort temperature, neutral
temperature, school, classroom, or student. A special focus on educational buildings
led the search at the beginningbecause it is interesting to investigate the effect of adap-
tive behavior on thermal comfort in educational buildings that are characterized by a
general restriction on such behaviors. Later, the application of artificial intelligence
in thermal comfort was explored using artificial intelligence and thermal comfort as
search keywords. It is worth mentioning that the manual selection of articles men-
tioned in the articles returned from the search was applied, as is the case in most
narrative reviews. Considering that thermal comfort studies are generally classified
into rational and empirical studies [11, 38], rational studies were excluded as well as
empirical studies that do not report the adaptive behavior of users. Studies reported
from geographical regions outside the tropics were excluded. A selected number of
the papers from the search extending over 12 years were reviewed focusing on the
reported thermal comfort votes, the available opportunities of adaptive behavior, and
the impact of allowing adaptive behavior on the users’ thermal comfort conditions.
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5 Discussion

Looking for answers in the published literature from the Tropics region reveals
that the relationship between adaptive behavior and thermal comfort has captured
the attention of researchers. For instance, the influence of occupants’ behavior on
consumed energy to achieve indoor thermal comfort in high-rise residential buildings
in Hong Kong was investigated by questionnaires and interviews. Occupants from
different floors relied on different adaptive actions to achieve indoor thermal comfort
in summer. A difference of more than 25% in the consumed energy between these
occupants was attributed to differences in their energy-related behaviors like opening
windows or operating air conditioning units. It is worth mentioning that the increase
observed in consumed energy for those occupants on the twentieth and lower floors
was statistically significant [39].

In general, classrooms exhibit high restrictions on adaptive behaviors, especially
during lessons. In such situations, students mostly depend on a passive adaptive
action, namely altering their clothing level, to satisfy their thermal comfort demands.
A study carried out in naturally ventilated elementary and high schools in Taiwan
revealed that the students were able to restore their thermal comfort in November,
December, and January when the indoor operative temperatures fluctuated between
21 and 29 ◦C by adjusting just their clothing level [12]. In another study conducted in
mixed-mode ventilation schools in Taiwan, the students’ actions related to windows,
fans, and air conditioners were monitored. The students depended mainly on just
opening windows to improve their thermal conditions. This action was used under
a range of indoor operative temperatures up to around 25 ◦C. When the temperature
increased to 29 ◦C, the students combined opening windows with operating fans.
Further increases in operative temperature were controlled by these two mechanisms
up to 30.3 ◦Cwhen the students switched to operating fans and air conditioning [40].

Moreover, the occupants’ interactions with buildings as well as the influence of
these interactions on their productivity were investigated in a study conducted in an
office building in Brazil. The individual evaluations of different aspects of the indoor
environment for some occupants resulted in certain actions that triggered discom-
fort for other occupants. Accordingly, the researchers highlighted the importance
of understanding the role of subjective evaluations in determining the conditions of
the indoor environment. The necessity of this understanding evolves from the fact
that the occupants’ productivity is influenced by their interactions with the indoor
environment [41].

Despite the interest in thermal adaptation and its role in achieving indoor thermal
comfort, there is a scope for future research that focuses on quantifying this role to
identify adaptive behavior as an ‘intended’ tool to achieve indoor thermal comfort. In
this regard, the expanded application of artificial intelligence in the built environment
is promising.
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6 Artificial Intelligence and Thermal Adaptation

Artificial intelligence has the potential to assist architects and engineers in their duty
of integrating adaptive behavior in buildings as a tool intended to passively achieve
thermal comfort or with minimal energy consumption. Indeed, using artificial intel-
ligence applications in buildings increased indoor thermal comfort satisfaction rates
to around 90% and the savings in energy consumed to maintain comfort to more than
50% [42]. Artificial intelligence resembles human thinking in that it makes decisions
based on collected data. This ability tomake decisions based on gathered information
is closely related to the mechanism where adaptive behavior is determined by occu-
pants. The advantage of integrating artificial intelligence lies in the high potential to
avoid the faulty operation of adaptive behavior.

Buildings should be smart to take full advantage of artificial intelligence capabil-
ities that aim at enhancing the buildings’ thermal and energy performance [43]. For
a building, being smart implies success in reaching a balance between the compet-
ing demands of thermal comfort on the one hand and energy savings on the other
[44]. This is performed by integrating features that enable the regulation of passive
adaptive actions by artificial intelligence.

Among the different artificial intelligence techniques, fuzzy logic (FL) and neural
network (NN) stand out in terms of their useful applications in thermal comfort. The
former can execute decisions that improve the internal thermal environment using
the buildings’ control techniques based on the user’s sensation and preference. The
latter is sensitive to a training process where decisions are made in complex contexts
with non-linear relations between the variables [43, 45]. Applying these techniques
has been witnessed in buildings. For instance, a fuzzy control system was developed
to monitor and thermally adapt the indoor environment to satisfy the users’ demands
based on their actions. The system reads the users’ actions via a separate computer
vision system that translates the actions into their metabolic rate equivalents, which,
in turn, are used to feed the predicted mean vote index. Based on the index, the
fuzzy control system adjusts indoor conditions to suit the users [46]. Integrating
the Bayesian theorem, a Bayesian neural network (BNN) algorithm was developed
to predict occupants’ thermal preferences. The training process of the model used
the ASHRAE global thermal comfort database II. Testing the model accuracy using
different inputs and outputs revealed that the highest accuracy was achieved using
occupants’ subjective measures as an input and window opening or closing as an
output. Besides, the accuracy of the proposed algorithm is higher compared with the
predicted mean vote or the adaptive model predictions. It is expected that applying
this model and similar ones leads to enhancing buildings’ thermal performance [47].
The recurrent neural network (RNN) was also used to propose a model to control
windows’ opening and closing in a naturally ventilated office building in China. The
model was based on reinforced learning and was trained using real measurements
conducted previously in that office. Comparing the indoor conditions of the office
before and after allowing the proposed model to control the windows revealed an
enhancement of more than 90% in air quality and thermal comfort [48].
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7 Summary

Thermal adaptive behavior has the potential to be a design tool intended to achieve
indoor thermal comfort. However, its role in satisfying thermal demands and reduc-
ing energy consumption for cooling purposes requires quantification. The complexity
that the relationship between comfort and adaptive behavior entails can be resolved
by the interference of artificial intelligence. However, even though integrating artifi-
cial intelligence has improved the accuracy of the thermal sensation and preferences
predictions and, ultimately, has led to enhancing indoor environment conditions,
further research is still required. For example, more adaptive actions that influence
indoor thermal comfort are still waiting to be investigated and controlled by artificial
intelligence techniques. Additionally, the application of artificial intelligence should
not be limited to thermal comfort; rather, it should be used to control building mea-
sures that influence all aspects of indoor comfort. Furthermore, it can be extended
to provide outdoor comfort. However, it should be noted that comfort regionalism
should be considered in all these attempts.
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Thermal Adaptation in Non-Extreme
Climates to Potentially Reduce Energy
Consumption

Arturo Raúl Maristany and Gabriela Magali Arrieta

Abstract In architectural design, there are specific construction considerations for
each climate type and it is the extreme situations that have clearer design strategies
to make efficient buildings require the lowest possible energy consumption for air
conditioning. The so-called intermediate or non-extreme climates are very common
in the southern hemisphere, where design strategies for buildings are not as stan-
dardized and depend on the behavior of users and their ability to adapt. Adaptive
models consider the outdoor conditions for calculating the comfort temperature but,
in these climates, aspects such as the operability of the adaptive façade and the users’
evaluation must also be considered to obtain a comfort temperature that matches the
climate, taking advantage of users’ adaptability. This chapter presents information
from research carried out in homes in non-extreme climates of the Southern Hemi-
sphere, where the users’ assessment of comfort plays an essential role. It shows that
the comfort temperature in these climates is no longer a linear standard but varies
depending on both outdoor conditions and the users’ capacity to adapt.

Keywords Thermal adaptation · Comfort · Non-extreme climates · Residential

1 Introduction

Comfort is “that condition of mind that expresses satisfaction with the thermal envi-
ronment” [1]. The thermal need is “the final thermal environment that a person
actualizes by employing enough control approaches” [2]. Considering that people
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Table 1 Thermal environment parameters

Meteorological
parameters

Physiological
parameters

Parameters of
architectural space

Circumstantial
parameters

Air temperature Gender Materials Type of activity

Relative humidity Physical complexion Textures and colors Metabolic intake

Wind speed Metabolism Vegetation Clothing

Solar radiation Air conditioning Acclimatization

Infrared radiation Ventilation or winds Dwell time

Source [7]

spend up to 90% of their time indoors [3, 4], it is important to study the thermal
comfort of users and their perception of air quality in buildings, as these positively
or negatively influence the satisfaction, performance, and health of the occupants
[5, 6].

The comfort range is characterized by considering multiple parameters (the main
ones are synthesized in Table 1), where the analysis and associated indicators have
a high level of subjectivity.

Indoor environments must be habitable, comfortable, safe, and productive, with
low energy costs, and their design must meet sustainability requirements [8].
Recently, thermal comfort models based on field studies have achieved better per-
formance than traditional methods, based on theory or prediction (e.g., the predicted
mean vote model) [9]. And, as Williamson and Daniel [10] mention, the use of an
appropriate adaptive comfort model to assess building performance certainly has the
potential to help design buildings that respond to the needs of occupants. Over the
past two decades, the world has experienced a sharp increase in energy consumption
in developing countries, and the trend is expected to continue in the near future [11].

The so-called adaptive approach requires the thermal adaptation of buildings and
people, and this can contribute to saving a significant amount of energy [12]. It seems
more likely that the strong correlation typical of indoor and outdoor temperatures in
highly permeable building designs mean that the outdoor temperature is a reason-
able indicator of indoor temperature fluctuations. As a result, conventional adaptive
models based on outdoor temperature may have high levels of ability to predict com-
fortable indoor temperatures, but only in climate-sensitive buildings that track the
natural cycles outdoors [13].

Jara [14] reports that the sensation described by individuals surveyed in naturally
ventilated buildings approaches the measurement in the PMV (Fanger’s Predictive
MeanVote index, based on a scale of seven levels of thermal sensation,which predicts
the subjective vote of a large group of people about their thermal environment). Clear
evidence was also found that people adapt more strongly to indoor temperatures,
regardless of conditioning strategy (i.e., natural ventilation, air conditioning, ormixed
mode) [13].

Very cold or very hot extreme climates require standardized and rigorous design
strategies to meet indoor livability levels. But temperate, or so-called intermediate
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climates, does not have clearly defined strategies. These climates, very frequently
found in the Southern Hemisphere, also allow developing countries to respond to the
housingdeficitwith affordable buildings that take little account of comfort conditions.
This contributes to users resorting to mechanical means of conditioning and the high
energy consumption mentioned above. This translates into a broad ability to define
flexible relative guidelines, aimed at achieving efficient dwellings that collaborate
toward thermal conditioning through the adaptability of their envelopes and that avoid
dependence on artificial conditioning mechanisms [15]. That is why this chapter
addresses residential thermal adaptation in non-extreme climates and its potential
for energy savings.

2 Thermal Comfort in Non-Extreme Climates

According toMarincic et al. [16], the current demand for housing in developing coun-
tries has led to the construction of affordable houses with designs that are unsuitable
for the climatic conditions of the region, making them uncomfortable, in addition
to consuming a lot of energy. Knowing the specific thermal comfort conditions for
each climate and population type favors the design of more habitable buildings that
respond to the particular needs of their users. When outdoor weather conditions are
not extreme, in a developing country context with an interest in solving housing
demand, there are no flexible, standardized strategies, and housing solutions emerge
that pay little attention to the variable conditions of indoor comfort. In this context,
the role of adaptive reference standards is fundamental. In this type of standard, the
preference ranges and adaptation of individuals to a thermal environment depend on
the relationship of outdoor and indoor temperatures with comfort temperatures, and
on the user’s previous thermal experience that influences their thermal perception
and ability to adapt.

Building rating systems in Latin America emerged in 2003. Some focus on rating
performance holistically, considering aspects concerning water, energy, materials
and waste, and urban insertion. On the other hand, others focus only on evaluating
the energy performance of the building, analyzing aspects of thermal comfort and
energy efficiency. However, they are not mandatory for construction in all countries
[17]. From 2019 to 2021, a study of indoor thermal comfort was carried out in
residential sectors of the city of Córdoba, Argentina. The comfort ranges regulated
by the linear IRAM standards, used as a reference in this country, were compared
with the adaptive standards. It was noted that the two standards, ASHRAE 55 [1] and
UNE-EN 15251 [18], which are presented as adaptive with respect to the outdoor
temperature, differ in their ways of considering it, which makes their relationship
with daily thermal variations very different (See Table 2).

It is evident that the criterion defined by EN-15251 follows a variation trend that
enables more accurate comfort margins to be defined than those of ASHRAE 55 and
with a dynamic adjustment to outdoor temperature conditions. These comfort ranges
can be covered with resources and design strategies of the architectural envelope,
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Table 2 Comfort temperature reference levels (Tco) in ventilated buildings according to ASHRAE
55 [1] and EN-15251 [18]

Hygrothermal comfort

Standard Parameter Reference levels

ASHRAE 55 PPD-PMV Tco = 0.31Tre f + 17.8 (◦C)
Tre f = prevalent outdoor air
temperature 7 to 30 days
before the day in question

EN-15251 PPD Tco = 0.33Trm7 + 18.8 (◦C)
Trm7 = weighted average of
the daily outdoor temperature
of the previous seven days

Tco: Comfort temperature

using ventilation or other similar resources. In the sameway, using thesemechanisms,
it would be impossible to achieve the comfort standards recommended by the criteria
currently accepted in the standards.

Figure 1 compares the comfort ranges defined by the reference standard used for
construction inArgentina, IRAM11659-1 and IRAM11605, and the Tco proposed by
the adaptivemodels considered above, depending on the outdoor temperature. IRAM
proposes three levels of comfort (A recommended, B medium, and C Minimum).
Although the proposed values of thermal comfort are for artificially conditioned
buildings, they are the only normative reference framework available in Argentina,
and they are also used to evaluate thermal comfort in naturally conditioned buildings.

It is observed that the comfort ranges established by IRAM do not correlate with
the ranges corresponding to the adaptive comfort models. IRAM’s recommended
winter comfort level A roughly fits adaptive comfort levels, mainly for low outdoor
temperatures, while the summer comfort level A is below adaptive comfort ranges.
On the other hand, although different comfort ranges are established for winter and
summer, there is no adaptation based on the outdoor temperature for intermediate
seasonal situations.

In the Southern Hemisphere, the least comfortable periods are summer, which
begins on December 21 and ends on March 21, and winter, which begins on June 21
and ends on September 21. Figures 2 and 3 compare the average daily temperatures
for 2019 with the comfort levels for both periods and those defined by IRAM and
the Tco proposed by the adaptive models.

In summer, the comfort temperatures calculated according to EN-UNE 15251
are very close to the comfort level C, minimum, proposed by IRAM, while level
B, medium, approximates the mean value proposed by ASHRAE. It is important to
highlight the great temperature difference that there is between comfort level A, rec-
ommended by IRAM, and the Tco calculated according to EN-UNE 15251, reaching
an average value of 3◦C of difference in summer. In winter, the outdoor temperatures
are quite different from those calculated by both the regulations and the adaptive
standards. IRAM level A approaches the values established by ASHRAE, but with
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Fig. 1 Comfort ranges according to IRAM compared to Tco, according to the two adaptive comfort
models for Cordoba

an average 10◦C difference with the Tmed per day. In this period, IRAM comfort
level C is the only one that tries to approach the real temperatures, anticipating any
possible difficulty in achieving comfort in this period through passive means.

The temperature and humidity conditions in the living spaces of the homes studied
were surveyed. At the same time, userswere surveyed, within the environments being
monitored, about their thermal assessment. The survey consisted of seven multiple-
choice questions, assessing the thermal environment on a 7-point scale (−3 very
cold, −2 cold, −1 a little cold, 0 neither cold nor hot, 1 a little hot, 2 hot, 3 very
hot), future preference, and acceptability. Taking the temperature and assessment
data, and through the so-called thermal sensation interval means method (MIST, in
Spanish) [19], an indoor temperature range was obtained where most users reported
feeling comfort. The standards mentioned were then compared with the assessment
of the residential users. In summer (Fig. 2), the comfort range obtained for 68%
of the people is between 23.6 and 29.8◦C, with a Tco assessed at 26.6◦C, which is
much less demanding than all the authors studied and is consistent with the outdoor
seasonal temperatures and their variations [20].

In winter (See Fig. 3), as expected, the comfort range obtained from the survey
assessments for 68% of the people was between 16.8 and 22◦C, with a Tco at 19.4◦C,
which was again less demanding than current standards [15]. It is less demanding not
only for the assessment of warmer comfortable temperatures in summer and cooler in
winter but also for the breadth of the comfort range, which matches the characteristic
outdoor condition of these climates.
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Fig. 2 Mean indoor temperatures, Comfort temperature according to ASHRAE 55 and EN-UNE
15251, Comfort range, and Tco according to assessment for summer (MIST)

Fig. 3 Mean indoor temperatures, Comfort temperature according to ASHRAE 55 and EN-UNE
15251, Comfort range, and Tco according to assessment for winter (MIST)

The residential building sector represents 44% of local electricity consumption,
with the user being responsible for this consumption, particularly on using systems
that consume large quantities of energy, such as individual air conditioning sys-
tems [21]. Energy education for development refers to building a system of knowl-
edge, procedures, skills, behaviors, attitudes, and values regarding the proper use
of forms of energy, its generation, and management. This implies that it must be
oriented toward knowledge training that includes the technological, financial, and
social advances that make the inhabitant an active part of the energy models [22].
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3 User Perceptions, Comfort Temperature, and Tolerance
Ranges

The MIST method [19, 23] mentioned above was applied in studies on residential
comfort carried out in Córdoba, Argentina [15, 20]. In the study on the residential
comfort ranges assessed by people in winter and summer, the indoor temperatures
monitored are associated with user evaluation on a 7-point scale, from very cold to
very hot (See Fig. 4). At each level of thermal sensation, the average and its trend line
(orange) are calculated, which allows the neutral temperature (Tn) to be determined.
Then the standard deviation of each level of thermal sensation is calculated and 1
standard deviation is added and subtracted from the average (gray and yellow) to
obtain the comfort range of 68% compliance, also called the reduced range. Then,
by adding and subtracting 2 standard deviations (in blue and green), the comfort
range is calculated for 95% conformity or the extended range.

In summer, an asymmetrical climate behavior occurs, because, due to extreme
heat conditions, no cold sensations are observed. In this period, temperatures are
concentrated within a narrower range and the comfort range assessed is broader,
showing people’s ability to adapt to that type of weather (See Fig. 4). During winter,
the temperatures monitored are spread over a wider range, and the assessments range
from very hot to very cold, demonstrating the great thermal amplitude in that period
(See Fig. 5).

In a similar study by [19] in the desert climate ofBajaCalifornia,Mexico, variation
in thermal comfort temperature was observed between one level of activity and
another. This was due to the difference in the levels of shelter, periodicity of activity,
and the thermal and psychological adaptation of the subjects. The variability in
symmetry and asymmetry of the trend lines in the three levels of activity was due
to the diversity of levels of acclimatization and reactive and interactive behaviors of

Fig. 4 Comfort range assessed by users in homes studied during the summer period (MIST)
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Fig. 5 Comfort range assessed by users in homes studied during the winter period (MIST)

the subjects. The greatest variation in thermal sensation occurs in moderate activity,
due to the different activities and ranges of their global metabolism.

The study by García Gomez et al. [24] in Mérida, Yucatán, Mexico, concludes
that the assessment of the thermal environment shows a greater acceptance and tol-
erance by inhabitants of self-built housing than by those who inhabit social housing.
This indicates that there is not only acclimatization to the environment but also its
acceptance. A better thermal adaptation of users of self-built housing was observed
compared to people living in social housing. This is due to the experience and expec-
tation of the thermal environment in the self-built home, where subjects know that
they are not likely to have access to electromechanical means of ventilation or cool-
ing, due to their economic situation.

This demonstrates their adaptability and degree of acceptance of the thermal
conditions of their homes, which is abovewhat is established as limits in international
standards. The thermal preferences of people also differed according to the climatic
conditions of the place and especially the indoor conditions in which they live.

Bravo Morales and González Cruz [25] found that field studies on thermal com-
fort, based on the adaptive principle, are generally oriented toward the development
of local comfort standards for the design and construction of buildings by climates
and cultures, for different air conditioning conditions (cooling or mechanical heat-
ing or natural ventilation) and type of construction. The results of some field studies
conducted in the city of Maracaibo, Venezuela, confirm the premise of the adaptive
model, that the levels of adaptation depend on the experiences and thermal expecta-
tions of individuals, and the thesis that the conditions where people express neutrality
are the result of the average indoor conditions of their homes.

The adaptability of people and their assessment of comfort varies according to
the type of climate as well as to the biological, physiological, and psychological
aspects currently included in the adaptive models. Comparing the study by García
Gomez et al. [24] in summer in Mexico with that of this article in the summer of
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Table 3 Temperature and comfort ranges according to a studybyGarcíaGomez et al. [24] compared
to the results of the MIST study in Córdoba

Location Climate Type of
housing

Thermal
comfort
temperature
(◦C)

Minimum
thermal
comfort limit
(◦C)

Maximum
thermal
comfort limit
(◦C)

Yucatán Warm humid Social housing 32.3 27.9 35.1

Mexico Self-built
housing

34.5 28.3 36.1

Córdoba,
Argentina

Temperate
warm

Homes
monitored in
Córdoba
(2019–2021)

26.6 23.6 29.8

Córdoba, Argentina, (See Table 3), shows the considerable difference between the
comfort temperature assessed for each case, being several degrees higher in Mexico,
because it is a warm–humid climate, while Córdoba has a temperate–warm climate.
This confirms the importance of the local climate, outdoor conditions, and personal
expectations in the feeling of thermal well-being.

4 Comfort Temperature is No Longer a Linear Standard

As García Gomez et al. [24] mention, climatic contexts and sociocultural develop-
ment of the different environments undoubtedly condition user expectations. This
also has implications for energy use, access to the electricity grid, and technology,
among other aspects. The studies mentioned describe different situations within the
Southern Hemisphere, different contexts, and types of climates. But in all of them, it
can be noted that the users’ perception varies depending on certain personal, social,
and cultural parameters, which are related to habituation or expectation. Namely, the
comfort temperature ceases to be a linear or static standard that can be calculated
only from standardized formulas and becomes a variable condition, depending on
daily and seasonal climatic conditions, as well as on the adaptability of the users,
their tolerance, and expectations.

The internationally established standards consider climate parameters more gen-
erally, and adaptive models also certainly consider daily and seasonal thermal varia-
tion, but they do not include the user. It is the latter who, starting from these factors,
can significantly vary the temperature that buildings must reach indoors to efficiently
fulfill their function.

Energy consumption in ever more densely populated cities is steadily increas-
ing. Built spaces account for about 40% of the global energy consumed and con-
tribute more than 30% of total CO2 emissions. A large proportion of this energy is
used for the thermal comfort of these buildings [11]. Users demand safe, clean, and
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well-air-conditioned places, but for this reason, it is essential to integrate theoretical
concepts with the perceptions of inhabitants, to thus be able to achieve an opti-
mal balance between thermal well-being, social standards, energy consumption, and
sustainable development.

In intermediate climates or those with non-extreme thermal conditions of heat
or cold, it is common for buildings to be operable when naturally ventilated, which
implies an almost constant connection of the indoor thermal environment with the
outdoor. The adaptive standards mentioned in this chapter, ASHRAE 55 and EN-
UNE 15251, consider outdoor thermal variations for calculating the comfort tem-
perature. But the results of the MIST method mentioned show that user assessment,
conditioned by psychological, biological, physiological, sociocultural, and economic
aspects that have implications in the perception of comfort temperature, demonstrate
that thermal well-being in residential spaces is a much broader and more complex
condition than the mere external thermal variation. It is the users’ assessment that
determines the final energy consumption, and which should be targeted when defin-
ing the residential indoor thermal comfort range.
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A Pathway to Comfort by Natural
Conditioning: Selecting Bioclimatic
Design Resources

John Martin Evans

Abstract Passive building design and construction modifies outdoor environmental
conditions, improving comfort and reducing dependence on artificial conditioning
and conventional energy. This chapter presents an analysis of bioclimatic design
resources and selection methods developed over the last 50 years and presents a new
approach based on the response to typical external conditions with special emphasis
on the control of temperature swings and modification of indoor average tempera-
tures. This is based on the dynamic variations of periodic heat flow using bioclimatic
design resources such as thermal inertia that affects the indoor conditions over the
daily cycle. The method aims at promoting appropriate combinations and levels of
bioclimatic strategies, to guide the designer at the initial design stage before defini-
tive decisions. The graphic tool allows the designer to use climate data and comfort
limits to select and visualize alternative design resources, promoting participation in
the development of bioclimatic approaches to near-zero energy buildings.

Keywords Natural conditioning · Climate · Bioclimatic design · Thermal
comfort · Passive strategies

1 Introduction

The latest reportof the IntergovernmentalPanelonClimateChange[1]emphasizes the
need to reduce greenhouse gas emissions and avoid potentially catastrophic environ-
mental impacts.This is especially important in thebuilding sector due to the long-term
impacts and conventional energy demand of permanent structures [2, 3]. Much of the
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region below the Tropic of Cancer has also suffered from a severe housing deficit in
quantity and quality with a demand for more and better solutions [2].

However, many designers and builders do not have the knowledge and tools to
respond to this new challenge with appropriate sustainable solutions. This chapter
therefore emphasizes the need to identify suitable bioclimatic strategies at an early
design stage, presenting a new approach to select passive solutions that reduce or
avoid dependence on air conditioning and heating with the inevitable impacts, pro-
mote near-zero energy-building solutions, and overcome the barriers to environmen-
tal comfort.

This new approach allows the identification of design strategies to promote low-
impact and improved social housing, offering comfort and energy efficiency, and
responding to local climatic, technological, and social conditions. Passive solutions
incorporating natural conditioning are especially appropriate in temperate climates
and warmer regions with significant temperature swings and good solar radiation;
conditions that are typical ofmany countries in the region. The conventional approach
to comfort is based on a simple energy balance, using artificial heating and cooling
to provide adequate conditions when the building fails to provide them. Traditional
bioclimatic methodologies, based on the charts of Olgyay [4, 5] and Givoni [6],
identify key strategies but have two drawbacks. On one hand, they consider each
strategy individually, and although several strategies are usually used simultaneously,
some work well together, while others may be incompatible. They also analyze
conditions at a specific point in time, while indoor conditions will often depend
on strategies that affect future conditions, such as thermal inertia and time lag. So,
following an evaluation of traditional bioclimatic procedures, this chapter presents a
new design approach to select suitable combinations of design strategies and evaluate
their effectiveness in achieving comfort by building designs for natural conditioning.

2 Traditional Bioclimatic Methodologies

This section reviews different approaches to the bioclimatic design process that have
evolved over the last 50 years with an emphasis on graphic tools developed for archi-
tects, and their application in the range of climates found in the southern hemisphere.
They all follow a similar process that compares the existing outdoor temperature and
humidity with the indoor conditions needed to ensure thermal comfort. The differ-
ence between the existing and required conditions is used to detect the appropriate
design strategies. In this framework, four methods are considered, starting with the
characteristic response for each basic climatic type.

It should be noted that the whole concept of bioclimatic design and changes
of strategies needed in different climates have been known since Greek and Roman
timeswhen large empires started to spreadover different climatic regions and regional
building variations were recognized. Up to seven climatic regions were identified by
early geographers such as de Sacrobosco [7], ranging from uninhabitable cold north-
ern climates to excessively hot climates. These differences becamemore important in
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the colonial period when British, French, German, Dutch, Spanish, and Portuguese
territories extended over widely different climatic regions.

This required a deeper knowledge of the design strategies and bioclimatic
resources needed for the design of government buildings and housing in each zone,
in the era before air conditioning was available. Systematic research undertaken into
comfort conditions and building performance intensified because of military require-
ments during both world wars, leading to the development of thermal stress research,
comfort studies, and bioclimaticmethodologies. These are presented in the following
four subsections.

2.1 Solutions for Different Climate Types

The standard texts on bioclimatic design describe the typical climates and the corre-
sponding architectural design solutions that have been developed in response to these
environmental conditions. The tropical climates are often divided into warm humid
equatorial, hot dry desert, monsoon, or transition climates. Additionally, this clas-
sification can include cooler upland climates, humid maritime desert climates, and
continental climates found in regions between the tropics. In sub-tropical and higher
latitudes, the classification can include the climate of theMediterranean Region with
hot dry summers and cool wet winters, cool mid-latitude, and coldArctic andAntarc-
tic climates. An initial design solution is suggested for each of these climates, often
derived from vernacular responses. Early references include Maxwell Fry and Jane
Drew [8, 9]. Many standard texts such as [4, 5, Chap. 2] and [10, Chap. 6] start with
this sequence before presentingmore detailedmethods. This approach can provide an
initial indication of architectural solutions that respond to the local climate but have
limitations. They usually indicate a single solution, though there may be equally
effective alternatives. Also, they do not consider the transitions between different
climate types. Another relevant factor is the difference between building types, as
housing requires day and night comfort, while schools and offices are normally used
by day.

2.2 Olgyay’s Bioclimatic Chart

Victor Olgyay’s Bioclimatic Chart [4, 5] relates the external climate conditions of
temperature and humidity to the range of conditions that fall within the comfort
zone. The chart also proposes a variation in the comfort zone for winter and summer
seasons, an early recognition of “adaptive comfort”. When external conditions of
temperature and humidity are outside the comfort zone, the chart indicates the favor-
able modifications that can be achieved using three mechanisms: air movement,
humidification, and solar radiation. The chart shows the intensity of solar radiation,
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Fig. 1 Adaption of the Olgyay Bioclimatic Chart [4, 5] with SI units, with average monthly
temperature and relative humidity for Catamarca, Argentina

the velocity of air movement, or the amount of water evaporated that is needed to
achieve comfort.

These mechanisms only include direct impacts on the occupants (see Fig. 1).
For example, the chart considers solar radiation on the body, but does not indicate
the indirect effect of passive solar systems. These include the direct cooling effect
of cross ventilation with air movement over the body but do not include the night
cooling achieved with selective ventilation.

The text includes a clear recognition that, in addition to the strategies included,
other resources are needed to achieve comfort. Olgyay’s book [4, 5] provides exten-
sive guidance on the use of thermal inertia though this bioclimatic design resource
does not appear in the chart. The book is influential, and even after 60 years, it is still
in print.

2.3 Givoni’s Bioclimatic Chart

Givoni [6] developed an update onOlgyay’s Chart, incorporating three new strategies
based on building performance rather than just direct physiological responses (see
Fig. 2): thermal inertia, passive solar strategies, and selective ventilation.

Thermal inertia will reduce indoor temperature variation, which is especially
useful in climates with a high diurnal range.
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Fig. 2 Adaptation of Givoni’s Bioclimatic Chart

The chart emphasizes the resources for hot climates though it is also effective in
cool climates. Passive strategies such as direct solar gain increase indoor tempera-
tures, though thermal inertia and insulation are needed to control temperature swings
and conserve heat gains. The strategy of selective ventilation uses the favorable dif-
ference between indoor and outdoor air temperatures to improve indoor comfort,
by opening and closing windows. When indoor temperatures are cool and outdoor
temperatures are comfortable or warm, increased ventilation can warm the interior.
Conversely, when indoor temperatures are hot at night but the outdoor temperature
is comfortable or cool, ventilation can also improve comfort. Therefore, the psy-
chrometric chart is used as a base for the analysis of climate concerning comfort
and appropriate bioclimatic strategies applying a format with a horizontal tempera-
ture axis and a vertical absolute humidity axis, widely understood and used for air
conditioning. The basic chart shows 16 strategies, although 5 are active systems: con-
ventional heating, cooling, fan-assisted airmovement, two-stage evaporative cooling,
and dehumidification. Most of the strategies combine bioclimatic design resources.

2.4 Mahoney Tables

TheMahoney Tables [10, 11] were developed in response to one of the limitations of
the basic climatic classification. This is illustrated by the case of West Africa where
the climate varies gradually from a tropical warm humid equatorial climate on the
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coast to the fringe of the Sahara Desert to the north. In the two extremes, design
solutions are clear with different bioclimatic strategies, but the problem remains
of defining the changing design responses to the slow climatic variations as the
latitude increases. Where is it necessary to change from a lightweight construction
to components with high thermal inertia? Where is a change required from effective
cross ventilation to limited airmovement andprotection fromhot dustywinds?Where
is the change needed from an open urban layout that promotes cooling breezes to a
compact urban form to achieve protection from the sun and wind?

The Mahoney Tables offer a menu of design options that correspond to climate
conditions based on the following analysis. Firstly, the annual average temperature is
used to determine the comfort zone, directly responding to the adaptive comfort stud-
ies by [12] and [13]. The introduction of comfort limits for day and night is another
innovation, recognizing that the daytime maximum requires a different range from
the nighttime minimums. The average monthly maximum and minimum tempera-
tures are then compared with these comfort zones, establishing the average comfort
sensation, warm, cool, or neutral for night and day in each month. These comfort
conditions are then compared to the climate, identifying the strategies needed for
each month, called “Indicators”.

• Cross ventilation: essential if conditions are warm, relative humidity is high, and
temperature swings are low.

• Cross ventilation: desirable if conditions are warm and humidity is high.
• Thermal inertia: needed when temperature swings are over 10 degrees.
• Thermal insulation: needed if day temperatures are cold.

Two additional indicators are used for situations where protection from heavy rain
is needed, and where outdoor sleeping on the roof provides comfortable conditions
in desert buildings with high inertia. The total number of months with each indicator
is used to obtain the appropriate design recommendations in the final tables. The
first table of recommendations provides initial design guidance for project layout,
orientation, and spaces between buildings, the second provides detailed guidance on
the thermal properties of walls and roofs and window design.

The systematic application of the Mahoney Tables can use spreadsheets or simple
programs to transform the initial climatic data into a design guide. This automatic
process avoids possible errors in the application to tell the designer what to do but
does not allow the designer to follow the sequence and understand why. However,
some limitations of the Mahoney Tables should be noted. They were developed in
1975 when computers were very limited for simulating alternatives and test results.
They provide one design solution for each location but, in many cases, alternative
bioclimatic resources can provide equally comfortable results.
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2.5 Climate Consultant

Milne et al. [14] developed a tool based on Givoni’s bioclimatic chart, presenting
an advance, with additional bioclimatic strategies, using daily or hourly climate data
rather than monthly means. Version 4 adds features such as graphic screens and an
explanation of the psychrometric chart. It also automatically creates a list of design
guidelines based on the attributes of each unique climate and then displays a sketch
illustrating how each guideline applies. The chart indicates the percentage of time
each design strategy can be used to improve comfort, providing the designer with a
clear guide to the importance of each strategy.

3 Current Trends

In the half-century since the introduction of bioclimatic design methods with a sys-
tematic and scientific base, there have been several developments, some of which
favor more energy-efficient and thermally comfortable projects and others that do
not promote low-impact architecture. This section presents the most important of
these influences.

3.1 Rising Expectations

Although poverty and the lack of physical and economic resources are still criti-
cal limitations in many regions of the world, large proportions of the population
have benefited from improved conditions and expect continuing improvements in
the quality of life. This includes better, larger, and more comfortable homes, easier
travel, access to technology, and better diets, implying larger environmental impacts.
In the residential sector, expectations of improved comfort may lead to an important
increase in energy demand. Improved indoor conditions, better building envelopes,
and more efficient environmental control installations will also further increase com-
fort expectations, narrowing the temperature range of acceptable conditions.

3.2 Air Conditioning

Modern air conditioning, introducedbyCarrier in 1923 [15],was beginning to be used
in the pre-war period in offices and industries where climate control was essential for
productivity. In the post-war period, the use of air conditioning spread to the tropics in
offices, clothing, and electronic industries, allowing Singapore, Hong Kong, Japan,
and Korea to compete in world markets.
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Rising expectations in the residential sector have also led to an increased and
widespread demand for air conditioning in recent decades. This trend is a result
of three factors: reduction in the cost of small A/C units, improvements in energy
efficiency, and better access to electricity networks over the years, combined with
the aforementioned rising expectations. However, the wider distribution of air con-
ditioning units has additional consequences. As designers, users, and producers of
buildings recognize the possibility of achieving comfort through artificial condi-
tioning, there is less incentive to plan energy-efficient buildings through improved
architectural design and construction.

3.3 Architectural Trends

Another factor related to rising expectations and increased dependence on air con-
ditioning is the current trends in architectural design. These include the tendency
to use larger glazed openings and reduce solar protection. The increased use of air
conditioning also allows designers to ignore the consequences of undesirable ori-
entations and less efficient building shapes. This is also related to the training of
building professionals which still requires an additional emphasis on sustainable and
energy-efficient design.

3.4 New Materials

Over the decades, there has also been progress in developing new materials and
improvements for existing components. In this context, new technologies in glass
production have introduced the possibility of lower costs and larger windows. At the
same time, new technological advances allow glass with lower heat transfer, through
low transmission and heat-reflecting glass. However, in many regions, the adoption
of double-glazing and heat-reflecting treatments have been slow. New and improved
insulating materials have also been developed such as glass wool, mineral wool, and
plastic foam in sheets or sprayed.

These low-density materials allow very low thermal transmission at accessible
prices, allowing a sustained improvement in thermal performance over time with
stricter building regulations in many developed countries, though in most of Latin
America and other warmer climates, thermal performance standards are still not
mandatory.

Another development is the tendency toward lightweight building systems with
limited thermal inertia. Even when improved thermal insulation is incorporated, in
many cases, these low-heat capacity buildings will need artificial conditioning for
thermal comfort, especially in climates with significant outdoor daily temperature
swings.



A Pathway to Comfort by Natural Conditioning . . . 165

3.5 Simulation and Computer Tools

The use of computers allows new tools to evaluate building performance, dimension
heating and cooling installations, and simulate thermal comfort. These tools include
highly complex programs to simulate energy performance, thermal comfort, and
environmental impacts over a typical year, using detailed virtual buildingmodels and
hourly climate data.However, these programsdonot provide useful output at the early
stages of the design process. Another advance is the availability of detailed climatic
data for most cities of the world, often with hourly measurements. Where ground-
based meteorological data is not available, for example, solar radiation intensity and
remote sensing provide design data [16, 17].

4 Comfort Triangles

Comfort Triangles [18] were developed as a bioclimatic design tool to overcome
some of the limitations of the existing graphic and numerical methods presented
in previous sections. The bioclimatic design resources and techniques modify the
external environment to obtainmore favorable indoor conditions. These are the result
of three changes in the outdoor temperature variations shown in Fig. 3.

• The incorporation of thermal mass in the building envelope tends to reduce the
indoor temperature variation (1) as a proportion of the outdoor temperature swing
(2).

• It also produces a time lag or delays in the indoor peak temperature with respect
to the outdoor maximum (3).

• The internal heat sources and solar gains combinedwith thermal insulation produce
an increase in the indoor average temperature compared to the outdoor average
(4).

The result of this combination can often achieve indoor comfort without the need for
heating or cooling using conventional energy.

Thesemodifications depend on complex combinations of thermal insulation, ther-
mal mass, selective and cross ventilation, internal and solar heat gains, and other bio-
climatic design resources. The indoor conditions usually depend on the modification
of external conditions several hours beforehand. For example, the thermal inertia
of a roof delays the peak outdoor impact on indoor conditions for several hours. A
passive solar system such as direct gain or an unventilated mass wall stores solar
heat received during the day to provide indoor comfort at night up to 8 hours later,
while night ventilation cools the interior to improve comfort the following morning.

However, conventional tools compare the external environmental conditions with
comfort requirements at the same time, without considering the time delay induced
by the building. Another limitation of the charts is the impact of internal gains and
metabolic heat of the occupants which will modify the indoor climate. The Comfort
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Fig. 3 Indoor and outdoor temperatures showing the modification achieved by bioclimatic design
resources, (1) and (2) show reductions in temperature swing, (3) shows the difference between
average outdoor and indoor temperature, while (4) shows the time lag or delay between outdoor
and indoor peaks

Triangles, therefore, analyze daily outdoor temperature swings and average daily
temperatures, comparing these with the range of conditions that provide comfort,
assisting in the selection of appropriate bioclimatic design resources, Table 1.

The dynamic daily variations of indoor and outdoor temperatures are defined on
the triangle chart by the average temperature and the range, the difference between
the maximum and minimum daily temperature. The average temperature is shown
on the horizontal scale, while the range is shown on the vertical scale. A point on the
scale corresponding to these two values represents the daily temperature variation.
This is compared to the triangle which shows the combinations of conditions for
thermal comfort. The truncated triangle shows that, as average temperatures reach
the maximum and minimum comfort limit, the comfort range is reduced. The basic
triangle is for typical sedentary activity, but alternative triangles indicate comfort con-
ditions for higher levels of metabolic activity, outdoor comfort (where expectations
are different), and rest at night.

An example explains the tool, using selected temperature measurements from
records made every 15 min over 1 year in a living room and outdoors in the shade,
made in Buenos Aires. Figure 4 shows the average of hourly temperature mea-
surements over a 5-day period, comparing an indoor space with passive biocli-
matic strategies with simultaneous outdoor measurements, and presents the comfort
triangles for the same data, showing themodifications due to building design, materi-
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Table 1 Bioclimatic strategies and their effect on average indoor temperature and range

N◦ Code Bioclimatic
strategies

Impact on average
indoor temperature

Impact on the
indoor temperature
range

Type of strategy

1 VC Cross ventilation Lower temperature No change in range Design, adjustable

2 IT Thermal inertia No change Reduce indoor
range

Design, fixed

3 GD Internal gains by
day

Higher average Increase range User control

4 GN Internal gains by
night

Lower average Reduce range User control

5 GS Solar gains Higher average Higher indoor
range

Design

6 VD Daytime ventilation Higher average Higher range Adjustable

7 VN Nighttime
ventilation

Lower average Lower range Adjustable

8 AT Thermal insulation Increase in average No change in range Design, fixed

9 SP Solar protection Average unchanged Without change Design, adjustable

10 HU Humidification Lower temperature Reduction in range Adjustable

Average: Daily average of hourly temperatures
Range: Temperature swing: difference between the maximum and minimum daily temperatures
Strategy: Adjustable or constant, all require building design responses
GD: Internal gains by day: for example, classrooms, offices
GN: Internal gains by night: for example, bedrooms

als, and user adjustments such as changes in ventilation and resulting improvements
in indoor comfort. The naturally conditioned room was occupied without artificial
heating or cooling.

The impact of bioclimatic design strategies changeswhen they are combined in the
same building [19, 20]. The following examples show some of the key combinations:

• Solar gains will increase the internal temperature range as well as the average
indoor temperature, so thermal inertia must be incorporated to control the indoor
temperature range. Improved thermal insulation in the building envelope will also
enhance the effect of solar gains.

• Selective ventilation by day will take advantage of higher midday temperatures to
warm the interior when the difference is favorable, enhanced by thermal inertia
and insulation. Similarly, night ventilation will lower the indoor temperature, but
thermal inertia will maintain cooler indoor conditions till the next day.

• Humidification will lower the temperature, but the increased humidity can reduce
the temperature range. This strategy will be more effective when the temperature
rangeishigher,ashigh-temperaturerangesareusuallyassociatedwithlowhumidity.
Moderate ventilationmay also be required to avoid an accumulation of humid air.
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Fig. 4 Indoor and outdoor temperatures on warm and cool days in the same space, average hourly
values (above), and average daily swings with average temperatures in the comfort triangles (below)

The application of different strategiesmay also vary in differentmonths of the year
as temperatures change. For example, cross ventilation needs openings in opposing
facades, a permanent design feature, but it is assumed that openings will be closed as
temperatures drop below 26◦C. Solar gains will be useful when temperatures drop
below 20◦C, but protection will be needed as temperatures increase. In both cases,
the fixed design and construction can facilitate the effectiveness of these bioclimatic
strategies, but occupantswill operatewindows and adjust shading to avoid discomfort
according to the changing conditions.

Other strategiesmay remain constant dependingon thebuilding type. For example,
there will be limited internal gains by day and night in housing in all months of the
year, while in schools and offices, higher internal gains will correspond to daytime
hours. Figure 5 shows the modification achieved with different bioclimatic design
strategies to improve comfort, and the actual modification in practice as a result of a
combination of strategies.

The Comfort Triangles have been incorporated into an electronic spreadsheet,
with results for three different climates shown in Figs. 6, 7, and 8. The spreadsheet
has the following characteristics:
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Fig. 5 The comfort triangle in red shows the combination of average temperature and daily swing
that provides comfort. The black arrows show a modification of the external conditions to approach
or achieve comfort, while the dotted arrow shows the actual modification with a combination of
strategies, with the same data as Fig. 2

• The spreadsheet includes a climatic database of over 600 locations in Latin Amer-
ica and selected cities from other regions of the world.

• Once the location is selected from pull-down lists, the Comfort Triangle is shown
according to country and region, and the activity level is chosen.

• The bioclimatic design resources can then be shown and the level of application
is selected with different levels. For example, cross ventilation can be “high”,
“medium”, “low”, or “without movement”, and solar gains can be “without sun”,
“limited”, “average”, or “high”.

• The spreadsheet also calculates the number ofmonthswithin or close to the comfort
zone.

The impact of each bioclimatic design strategy can be changed, increased, or
moderated when it is combined with others in the same building. The application
of different strategies may also vary in different months of the year as temperatures
change. For example, cross ventilation needs openings in opposing facades, a per-
manent design feature, but it is assumed that openings will be closed as temperatures
drop below 25◦C. Solar gains will be useful when temperatures drop below 20◦C,
but protection may be needed as temperatures increase above 25◦C, especially with
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Fig. 6 Comfort Triangle and strategies in a hot dry climate: Catamarca, Argentina, latitude 28◦S.
Strategies include thermal inertia, limited internal gains, winter solar gains, and summer night
ventilation,with good thermal insulation.An appropriate combination of strategies achieves comfort
without heating or cooling for average conditions for 9 months of the year

larger glazed openings. In both cases, the fixed design and construction will allow
the implementation of bioclimatic strategies, but occupants will operate windows
for ventilation and adjustable shading to achieve comfort according to changing
conditions.

The incorporation of the Comfort Triangles in an electronic spreadsheet demon-
strates the following characteristics and advantages:

• At the initial stages of the design process, basicmonthly climate data can be used to
select and test design resources. Over 600 locations in Latin America and selected
cities from other regions of the world have been incorporated into the database
and tested.

• Comfort conditions are also variable depending on activity level and the time of
day.

• The bioclimatic design resources have different levels or scales of application, for
example, cross ventilation can be “high”, “medium”, “low”, or “without move-
ment”, and solar gains can be “without sun”, “limited”, “average”, or “high”.

• The visualization also shows the number of months within or close to the comfort
zone. This shows the contribution of design to achieving very low energy demand
and zero emissions.
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Fig. 7 Comfort Triangle and strategies in a sub-tropical warm humid: Posadas, Argentina, latitude
27◦S. Strategies include cross ventilation, limited solar and internal gains, moderate thermal mass,
and good thermal insulation

Fig. 8 Comfort Triangle and strategies in a cool mid-latitude climate: Bahia Blanca, latitude 38◦S.
Strategies include high thermal mass, solar gains, and very good thermal insulation. Partial heating
required in 3–4 months
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Themodifications achieved in naturally conditionedbuildings in different climates
were measured in Ecuador, Mexico, Costa Rica, Chile, and Argentina and plotted the
Comfort Triangles, to show the effect of different bioclimatic design resources on the
urban and architectural scale [21]. Examples include lightweight and heavyweight
construction, houses with passive solar systems, earth construction, and different
levels of thermal insulation. The measured modifications were also compared with
simulations of indoor temperature.

The application of Comfort Triangles in the design process was also tested in
a wide range of climates in postgraduate courses in Argentina, Ecuador, Mexico,
and Paraguay, with measurements to confirm the effective modification of indoor
conditions in existing naturally conditioned buildings. An evaluation in Mexico [22]
analyzes the application in different regions of the country with comparisons with
the Mahoney Tables and Givoni’s Bioclimatic Chart. The spreadsheet [23] includes
the Olgyay and Givoni graphs, as well as adaptive comfort charts.

5 Conclusions

TheComfort Triangles offer a different way to visualize the favorablemodification of
external conditions using passive bioclimatic strategies. They emphasize the impor-
tance of variable thermal performance with heat flows in and out of the building
envelope. This relates to many bioclimatic strategies which modify the temperature
over time:

• Passive solar design uses solar absorption by day, the transmission of heat for
storage in the materials, and restitution of heat to indoor spaces as temperatures
decline in the evening and night.

• Daytime ventilation can increase indoor temperatures, taking advantage of warmer
midday conditions, while night ventilation can be used for cooling.

• Variable internal gains during the daily cycle also contribute to temperature vari-
ations over time that can contribute to improving indoor comfort.

In cold climates, with heat losses formanymonths of the year, the design strategies
of compact form, well-insulated building envelopes, and the incorporation of solar
gains are easy to understand and incorporate in the design. The management of
variable anddynamically changing conditions, typical of cool, temperate, andwarmer
climates are more difficult for designers to understand and apply during the design
process.

This parallels other new challenges that designers face, such as mitigation and
response to climate change, global warming, and low-impact materials. This change
requires the development of new capacities and tools in a rapidly changingworld both
in education and in professional practice. The Comfort Triangles were developed to
contribute to this challenge.
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The Tropical Climate Matrix: An
Architectural Design Tool for the Tropics
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Abstract Currently, one of the main causes of environmental deterioration is the
increasing rates of power consumption that, at the same time, are a consequence
of numerous actions in all sectors. In the architecture and design field, the lack
of good environmental comfort conditions in buildings is the main cause behind
increased power consumption, because improperly ventilated and illuminated build-
ings, require mechanical strategies to regulate indoor environmental conditions. This
is the reasonwhy it is fundamental to develop tools that allowdesigners to incorporate
environmental control strategies into design processes, to guarantee optimal indoor
bioclimatic conditions. Thus, the objective of this chapter is to develop a tool that
defines bioclimatic strategies for the first stages of building design and to generate
good comfort conditions inside buildings. First, an analysis of climatic conditions
in different climates was made in two Colombian cities: Medellin and Barranquilla,
and then monthly comfort indexes were defined with their corresponding climatic
correction strategies to guarantee comfort conditions, before finally proposing archi-
tectural and building strategies to achieve these climatic corrections. As a result, a
highly usable tool is created, that can be used in the first stages of the design process
by bioclimate experts and also users with little experience.
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1 Introduction

Power consumption has increased globally by more than 50% in recent decades due
to factors such as demographic growth, urban migration, and accelerated economic
development [1].Moreover, the lack of good environmental comfort conditions inside
buildings directly affects their power efficiency, so it becomes fundamental to include
bioclimatic and environmental control strategies in the building design process. Such
strategies should generate optimal thermal, lighting, and acoustics conditions in those
buildings. Additionally, it is important, especially in developing countries such as
Colombia, to establish more regulations and standards to incorporate these strate-
gies. Furthermore, most design processes do not include insights on environmental
comfort or only add them in the project’s last stages. However, there is still no clear
and complete regulatory framework in Colombia that looks to improve indoor envi-
ronmental comfort conditions. According to Parra Correa [2], only 63% of surveyed
Colombian professionals, specialists in bioclimatic design, construction, or consult-
ing, have included bioclimatic strategies in their design processes.

Paradoxically, nowadays, there are innumerable analog and digital tools, at every
level of complexity, that aim at defining bioclimatic strategies to optimize environ-
mental conditions in buildings [3–6]. But as has been previously mentioned, their
use is limited or included in less suitable stages of the design process. There are
few comfort indexes developed for tropical climates, especially for Colombia [7].
Additionally, the existing indexes have been developed for specific climates, and/or
they do not simultaneously consider the three variables of Temperature, Relative
Humidity, and Ventilation. In this way, most of these tools focus on a single aspect
of environmental behavior, making it almost impossible to analyze them all and
integrate the indicated criteria within projects [8]. These are the reasons why it is
essential to develop tools that may provide applicable guidelines for the first stages
of the project. These guidelines should only require general information about the
project, and at the same time, should be simple enough to be used bymost profession-
als without them needing to be experts. By doing so, it would contribute to removing
environmental comfort barriers in the Global South and improving the habitability
conditions of buildings in these areas where environmental comfort analysis is not
within the scope of the projects.

Given this, the objective of this chapter is to develop a user-friendly tool that allows
defining applicable bioclimatic strategies for the first stages of building design in the
tropics, to guarantee good habitability and comfort conditions inside buildings. This
tool is based on the Grille Climatique developed by the architect Le Corbusier in the
1950s.
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2 Environmental Comfort in the Andean Tropics

In the tropical climatic context, the main variations of environmental conditions
appear thanks to changes in the height above sea level, instead of experiencing sea-
sonal changes during the year. In this zone of the planet, prevailing climates are
between warm–dry and warm–humid, the latter being a climate that has high tem-
peratures and relative humidity throughout most of the year. Specifically, the repre-
sentativeAndean Tropic climatic contexts used here, have anAf—Tropical rainforest
climate without a dry season (Medellin), and Aw—Tropical savanna climate with a
short dry season (Barranquilla), under the Köppen–Geiger climatic classification.

Several authors define solar control and radiation protection, as well as rain man-
agement, as the key factors for Andean tropical architecture. According to Olgyay
[9], in the Tropics, the roof is the main barrier to a building’s environmental defense.
This considering that in places near the Equator, solar radiation has an intense and
almost perpendicular impact on the land and buildings, practically making solar and
shading design necessary in any construction [10]. In this vein, Saldarriaga [11]
defines tropical architecture as “shaded and permeable,” which considering its cli-
matic and social surroundings must mitigate the building’s thermal gains, in the best
way possible. Also, according to Stagno [12], preparing spaces passively, not only
improves the energy efficiency of the building but also benefits the people inside
who may have a greater capacity to self-regulate their temperature and better adapt
to climatic conditions.

Considering that the fundamental factors of environmental comfort in the Andean
tropical strip revolve around the thermal environment of buildings, it can be con-
cluded that this is one of the main topics to evaluate the first stages of architectural
design. This is especially relevant, bearing in mind that aspects such as orientation
and building shape have a profound effect on the internal thermal comfort of spaces.

TheAmerican Society of Heating, Refrigerating, andAir-Conditioning Engineers
(ASHRAE) defines thermal comfort in its standards as “the condition of mind that
expresses satisfaction with the thermal environments” [13]. Although the evaluation
of thermal comfort is subjective and personal, over the years several simple mathe-
matical methods have been developed, and they manage to define the environmental
conditions a space must have for most of its occupants to consider it comfortable,
with Olgyay’s Bioclimatic chart [14, 15], Givoni’s Bioclimatic chart or Psychro-
metric chart, Comfort triangles [16], and the Climatic Grille of Le Corbusier [17]
standing out.

3 Methodology

Themethodology of this research project consisted of two general stages: (i)Weather
identification where climatic conditions were identified in two representative cities
of the Andean tropical climatic context: Medellin (Lat. 6◦ 15′ N; Long. 75◦ 34′ W)
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and Barranquilla (Lat. 10◦ 58′ N; Long. 74◦ 48′W), to analyze the main atmospheric
conditions that affect the environmental comfort of people inside buildings in the
tropics; and, (ii) Development of a tool which included comfort zone identification,
the definition of climatic correction strategies to outline appropriate indoor comfort
conditions as per the climatic context of the location, and finally, the definition of
architectural and constructive strategies to achieve these climatic corrections.

3.1 Documentary Review

Apart from research on the specific tool of Le Corbusier’s Grille Climatique, a review
of issues related to thermal comfort, different analogous tools to calculate the comfort
zone or its definition, as well as the specific environmental needs of the architecture
found in the tropical zone was carried out.

3.2 Identification of Le Corbusier’s Climatic Grid

It is necessary to regulate and usefully rectify the overflowing of excessive climates, and to
do so make architectonic devices with conditions able to guarantee well-being and comfort
[18]

A complete investigationwasmade on theGrille Climatique of Le Corbusier. This
is a graphical methodological tool, that summarized the rules to create an architecture
that is universal and adaptable to a place considering its environmental conditions.
Mainly thematrix origin, creation year, and contextwere analyzed, (See Fig. 1). Thus,
it was evident that a large swathe of Le Corbusier’s professional work focused on
standardizing the project process,more than the product itself, whichwas provenwith
the invention of different tools that helped him to apply bioclimatic, environmental,
or technical criteria when designing projects [17].

LeCorbusier’sGrille Climatique includes three vertical sections, each one divided
into 12 columns corresponding to the months of the year. The first vertical section,
Part A, (données climatiques) contains the climate information of the place being

Fig. 1 Grille Climatique of Le Corbusier. Adapted from [15]
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intervened. Horizontally, the matrix is divided into four rows, corresponding to the
variables to consider air temperature, relative humidity, wind, and radiation, and each
row into one, two, or three sub-rows based on the data displayed on each variable.
In addition, the table has an extra space indicating the geographic information of the
place corresponding to the table and the project involved.

Part B (corrections á to apporter) consists of the necessary modifications or cor-
rections to apply to climatic variables to reach the optimal comfort conditions of
a person inside the space. The information displayed in this section is the number
of degrees or humidity percentages that would have to be increased or decreased to
achieve a comfort zone. It also recommends air speed or periods at which ventila-
tion must be completely blocked, and periods, when radiation must be avoided or
attracted, are identified. For months when corrections are not required, the “satisfac-
tory” legend appears. It is important to point out that Le Corbusier, to define these
corrections, defined the following ideal or recommended internal climatic conditions
to guarantee a comfortable space (See Table 1).

The third section, or Part C (procédés architecturaux), consists of the architectural
processes that allow obtaining these optimal conditions within the specific climatic
context of each zone. Different stamps indicate the code, the name of the solution
applied, and the location of the section where all the graphic solutions are annexed.

It is worth mentioning that, because the information is shown bymonth and not by
season, this tool can be used in seasonal climatic contexts, as well as in the tropical
strip.

3.3 Adaptation of Le Corbusier’s Climatic Grid to Develop
the Tropical Climatic Matrix (MCT, in Spanish)

After thoroughly analyzing the information in the previous stage, two pilot matrices
were run with information from the cities of Medellin and Barranquilla, to simplify
the verification process and analyze the coherence of the results obtained. This infor-
mation proved that it is possible to use the tool for any other city or territory if the
necessary climatic information is available.

The information collected was reviewed and data entry began in the Tropical
Climatic Matrix (MCT), of climatic data, climatic corrections, and project strategies
in 4 horizontal strips divided into Sections A, B1, B2, and C (See Fig. 2).

3.3.1 Section A

In the first section, the information displayed in the Tropical Climatic Matrix (MCT)
is just as in the original: maximum and minimum monthly air temperatures (◦C),
average monthly relative humidity (%), and graphical information of both variables.
Wind directions, frequencies (% of the time), and speed (m/s) also appear, as well
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Fig. 2 Sections A, B1, B2, and C of the Tropical Climatic Matrix (MCT)

as an additional row, indicating the corrected wind speed (m/s), considering the
roughness level of areas in urban surroundings, following the Hellmann Exponent
Law (a Hellmann exponent of 0.4, corresponding to densely populated areas). All
the ventilation information is also graphically shown in the schematic wind rose
diagrams. Finally, the bottom row contains the global horizontal irradiance available
every month (Wh/m2), with its respective graphical reference indicating maximum
and minimum azimuth and altitude angles.

Climatic data were extracted from the climatic file (.epw) of both cities, from
Climate.OneBuilding.Org, and analyzed in Climate Consultant software version 6.0.

As mentioned above, one of the modifications is the way to display information.
This is done with more images demonstrating numerical data, icons, and floor plans,
to allow easier and more practical reading of the compiled information.

3.3.2 Section B

This section is divided into two parts, B1 and B2. The first part contains one of the
mainmodificationsmade to SectionB, the one that generates the greatest contribution
and innovation of the tool: the combination of climatic factors to define the Comfort
Index of spaces. This is a significant improvement over the original version because
it considers the environmental factors together (as they appear) and shows how their
combination impacts the comfort sensation of human beings, instead of defining
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corrections to each factor (e.g., temperature and humidity) without considering the
effect of some factors on the others.

To do so, equations to calculate climatic comfort are used (equations 2, 3, 4, and 5),
developed byGonzález [19], which are specifically designed considering the climatic
conditions of Colombia (defining a different equation for each city according to its
height above sea level). This method uses the main climatic parameters: air tempera-
ture, relative humidity, and wind speed, given that relative humidity and temperature
data are included without considering solar radiation. After applying the defined
equation, the result is a value representing the Comfort Index (CI) of the people.
This index is a numerical value between zero and 15, representing different comfort
states such as 0–3—Very hot; 3.1–5—Hot; 5.1–7—Warm; 7.1–11—Comfortable;
11.1–13— Somewhat cold; 13.1–15—Cold; and >15: Very cold [19]. Although
numerous comfort indexes have been developed, they are designed for only one type
of building (e.g., office building, hospital, school, etc.), and/or work for a specific
climate, which would limit the usage of the MTC tool, because it would not allow its
use for any type of space in any climatic context. The index proposed by González
[19] is designed for any of the Andean tropic climates and considers the height above
sea level as a key factor for climatic conditions in this part of the planet. It also makes
the calculation possible with or without wind (depending on data availability).

As mentioned before, this investigation uses two equation types considering the
availability of wind speed information. This is important because there are cases
where it is not easy to calculate or obtain wind speed data. CI calculations for both
situations are as follows: with wind (corrected) and without wind.

For altitudes between 0 and 1,000m above sea level, considering wind speed (1)

C I = (36.5 − Ts)(0.05 + 0.04
√
s + h/250) (1)

For altitudes between 0 and 1,000m above sea level, without considering wind
speed (2)

C I = (36.5 − Ts)(0.05 + h/250) (2)

For altitudes between 1,000 and 2,000m above sea level, considering wind speed
(3)

C I = (34.5 − Ts)(0.05 + 0.06
√
s + h/180) (3)

For altitudes between 1,000 and 2,000m above sea level, without considering
wind speed (4)

C I = (36.5 − Ts)(0.05 + h/180) (4)

Where:
C I = comfort index
Ts = air temperature (◦C)
h = relative humidity (%)
s = wind speed (m/s)
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Additionally, Section B2 contains similar modifications to those considered by
Le Corbusier regarding temperature, relative humidity, radiation, and ventilation, to
achieve comfortable indoor conditions. However, they are comprehensively shown
as general recommendations (e.g., solar protection and natural ventilation). These
recommendations are taken from the psychrometric chart following the criteria from
ASHRAE 55 Standard and Current Handbook of Fundamentals Model [13].

3.3.3 Section C

According to the climatic corrections defined in Sections B1 and B2, some general
architectural strategies were laid down based on the graphic representation of Le
Corbusier for the floor plan and elevation according to each category. The main
difference with the reference tool is that the strategies appear individually for each
“correction” so that the user can analyze its suitability, relevance, and hierarchy
level, as well as how to apply the tool in each project depending on its requirements.
The strategies are classified in the Tropical Climatic Matrix in three categories, as
indicated in the following table (Table 2):

These solutions are the climatic corrections to be applied to the building and
location. This will allow providing basic applicable design guidelines in the first
stages of the design process, that should not compromise the building’s style or
structure, but have flexible enough guidelines so that the architect applies as they
deem fit. Thus, the user will be able to analyze the climatic conditions in Section
A, to understand which environmental requirements or climatic corrections must
be implemented to obtain a good Comfort Index (Sections B1 and B2) and, finally,
obtain bioclimatic design guidelines aiming at improving the indoor environmental
conditions, these guidelines applying to any project without prior project information
(Section C).

To define the recommended strategies, in addition to the specific corrections laid
out in Section B2, the combination of environmental variables in every month was
considered, for example: If in January the climatic corrections are solar protection,
cooling by evaporation, and natural ventilation, it is recommended to protect the
eastern and western facades (East and West) and especially the southern facade that
receives solar radiation all the day at this time of the year. It is also recommended to
open the northern and eastern facades to allow the entrance of predominant ventilation
and humidity.

4 Results

The desirable procedure will be to work with and not against natural forces and to make
use of their potentialities to create better living conditions...The procedure for building a
climatically balanced house is divided into four steps, of which the last is the architec-
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Table 2 Classification of architectural strategies

Strategy Description Code

Humidity: H Stamps Humidification by bodies of water H1–H2–H3

Humidification by vegetation H4–H5–H6

Green walls H7–H8–H9

Ventilation: V Stamps Cross-ventilation through Windows V1–V2–V3

Ventilation through openwork surfaces V4–V5–V6–V8

Ventilation with wind-conducting
elements at the edge of the facade

V4–V5–V6

Ventilation through raised roofs V7

High ceilings V9

Chimney effect V10

Solar protection: R Stamps Solar protection with vertical elements on
eastern and western facades and
predominantly on the southern facade
with a horizontal element

R1

Solar protection with vertical elements on
eastern and western facades and
predominantly on the northern facade
with a horizontal element

R2

Solar shading with horizontal elements on
eastern and western facades

R3

Solar protection with vertical elements on
eastern and western facades

R4

Solar shading with vegetation on eastern
and western facades

R5

Recessed windows R6

tural expression. The expression must be preceded by the study of climatic, biological, and
technological variables... [14]

The following are the four sections of the Tropical Climatic Matrix tool, with data
and results corresponding to both types of climates analyzed (See Figs. 3–6).

It is important to consider that the available climatic information depends on
current databases. Analyzing the climatic data available for places within the scope,
it was identified that some of the information is not updated or is inaccurate compared
with the climate perception in these cities. Thus, it is necessary to gather updated
climatic information to improve the accuracy of the results obtained using the tool.
Despite the previous statement, it was verified that this dynamic tool is completely
customizable to the environmental conditions of any territory with sufficient climatic
information, especially in the Andean tropics.

Asmentioned above, on reviewing the literature, it was possible to verify that there
are few comfort indexes for tropical climates, especially for Colombia [7]. Addition-
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Fig. 3 Section A of the Tropical Climatic Matrix: Climatic characterization. On the top Medellín,
on the bottom Barranquilla

ally, the indexes there are, have been developed for specific climates, and/or they
do not simultaneously consider the three variables of temperature, relative humidity,
and ventilation. It is important to mention that Section C of the MCT displays the CI
calculation considering these three variables and, it does not consider the effect of
solar radiation for its calculation. Therefore, it is possible to expect overheating in
spaces that are more exposed to this solar radiation. Detailed information regarding
sunlight is also displayed.

The stamps from Section C of the MCT, correspond to architectural layouts sug-
gested in each specific case considering the featured climatic conditions and the
necessary corrections. Each strategy suggested considers the most efficient façade
to apply it on. If several stamps on the same topic appear in the same month, it
means that there are different options to choose from. For example, in Medellín,
several humidification strategies are recommended every month, due to the relative
humidity levels and wind speed and direction. Therefore, the user can choose from
humidification by bodies of water, humidification by vegetation, or installing a green
wall, depending on the project.

Figures 6–8, show all the layouts of those strategies mentioned in the MCT of
both cities.
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Fig. 4 Section B1 of the Tropical Climatic Matrix: Calculation of comfort indexes and sunlight
angles. On the top Medellín, on the bottom Barranquilla

Fig. 5 Section B2 of the Tropical Climatic Matrix: Definition of recommended general climatic
strategies. On the top Medellín, on the bottom Barranquilla
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Fig. 6 SectionCof theTropicalClimaticMatrix:Definition of specific architectural strategies (each
stamp matches the specific architectural strategy diagram. V: Ventilation strategies, H: Humidifica-
tion strategies, and R: Solar radiation strategies). On the top Medellín, on the bottom Barranquilla

Subsequently, there is an additional list of precautions or recommendations to
obtain better results or not affect other environmental factors when applying the
strategies.

How to prioritize:

• To promote comfort in months with a Comfort Index other than Comfortable, it is
recommended to comply with the strategies of the months that registered the CI
results furthest from Comfort.

• If the strategy type is prioritized, where ventilation is preferred, it is recommended
to apply the strategies defined for those months with greater average wind speeds
and those that represent the recommendations for most of the year.

• If the priority is relative humidity, it is recommended to prefer those strategies
defined for months with a lower average relative humidity.

• If it is necessary to choose a single radiation strategy, it is recommended to choose
the one corresponding to months with a higher average solar radiation.
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Fig. 7 Relative humidity strategies. H1, H2, and H3: Humidification by bodies of water on the
northeastern, southeastern, and southwestern facades.H4,H5, andH6:Humidification by vegetation
on the northeastern, southeastern, and southwestern facades. H7, H8, and H9: Green walls on the
northeastern, southeastern, and southwestern facades

Please consider:

• When applying solar protection on facades, the amount of indoor daylight will also
be reduced. Verification of the amount of sky blocked by these solar protections
is recommended, as well as their colors and materials to favor light reflection that
improves indoor daylighting availability.

• It is important to consider the risk of rain entering due to ventilation solutions such
as openworkwalls, high ceilings, and other façade perforations. It is recommended
to plan these strategies in spaces that can get wet, using additional protections like
eaves or complementing these openings with systems that can be closed.

• To increase indoor thermal comfort in warm climates, it is recommended to
complement the tool’s strategies, with a selection of low transmittance materials
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Fig. 8 Ventilation strategies. V1, V2, and V3: Cross ventilation through windows on the northeast-
ern, southeastern, and southwestern facades. V4, V5, V6, and V8: Ventilation through openwork
surfaces on the northeastern, southeastern, and southwestern facades. V4, V5, and V6: Ventilation
with wind-conducting elements at the edge of the facade. V7: Ventilation through raised roofs. V9:
High ceilings. V10: Chimney effect
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Fig. 9 Solar radiation strategies. R1: Solar protection with vertical elements on eastern and western
facades and predominantly on the southern facade with a horizontal element. R2: Solar protection
with vertical elements on eastern andwestern facades and predominantly on the northern facadewith
a horizontal element. R3: Solar shading with horizontal elements on eastern and western facades.
R4: Solar protection with vertical elements on eastern and western facades. R5: Solar shading with
vegetation on eastern and western facades. R6: Recessed windows

(U value) especially on the roof, that help to isolate heat transference due to the
great amount of solar radiation these surfaces are exposed to.

• It is important to consider the shadows cast by neighboring buildings. It is rec-
ommended to analyze the shading of surrounding constructions to verify whether
there are periods of the year or facades that do not need their own shading. If this
is the case, R strategies must be discarded for those facades where shading is no
longer necessary.

5 Discussion and Conclusions

One of the main contributions of this investigation is the fact that the tool has a very
good relationship between its simplicity and potential. In other words, it is a tool
that, despite being simple to use and not requiring in-depth technical knowledge on
bioclimatic aspects, can provide relevant information for the environmental improve-
ment of spaces being designed. As was already mentioned, the high level of usability
is remarkable: this tool can be used by non-expert bioclimatic users. It can even be
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stated that it mainly targets them, which fulfills the objective of closing the gap still
present in the area, because only a few people technically manage the bioclimatic
concepts and tools, or they are not properly applied to the projects. Moreover, it is a
tool that aims at improving habitability conditions for buildings in countries where
environmental control and comfort are not yet high-priority or inherent subjects in
architectural design. This is relevant because it helps remove barriers to environmen-
tal comfort in theGlobal South and at the same time, provides design and construction
professionals with elements so that they include environmental optimization strate-
gies in buildings, thus providing better habitability conditions, better performance
of people in their indoor activities, improvement in health conditions, and reduction
of building’s power dependency, among others.

It is important to mention that the MCT can also be applied (with its necessary
modifications) to other types of spaces that require environmental controls, such as
farms, greenhouses, production plants, etc., which diversify and extend the influence
of the MCT to an interdisciplinary field. In addition, this tool is conceived to be
applied in the first stages of a project, a feature that provides another great strength:
It requires the definition of little information on the project as an input, to generate the
architectural guidelines. In this regard, there is a significant difference between this
and other tools, given the fact that most of them require some building characteristics
to be defined beforehand to generate the recommended strategies.

The Tropical Climatic Matrix displays more graphical information, and this is
an innovation for a reference tool. Specifically, for radiation information, there are
schematic solar diagrams that precisely indicate themaximumandminimumazimuth
and altitude angles, which allows choosing one solar protection strategy or another.
The user can also calculate, with a good level of detail, the size and rhythm of
these elements, considering the angles of solar rays impacting the facades. Another
distinguishable contribution made by the tool compared to other tools of its class
is that strategies and recommendations appear individually by façade, according to
the needs and influence of each climatic variable on them. This allows the MCT
user, to decide which strategies to use considering their formal needs, esthetic taste,
topography, and budgetary or technical aspects, among others.

Similarly, the MCT is sufficiently flexible so it can be applied to any building
regardless of its use or typology, considering that the designerwill apply the strategies
in the best possible way depending on the project’s needs.

Especially in cities with noticeable topographies such as Medellín (so common in
the Andean tropic zone), it is important to consider the major climatic changes gen-
erated by differences in heights above sea level, which creates climatic information
that does not represent the entire territory. Also, the need to gather updated climatic
information about the Andean tropic cities is evident, to improve the accuracy of the
results obtained using the tool.
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Air Quality in Latin American Buildings

Constanza Molina , Benjamin Jones , and Giobertti Morantes

Abstract The air people breathe has a significant impact on their health, comfort,
productivity, and well-being. Indoor air is important because it is where most expo-
sure to airborne contaminants occurs. However, it is not always possible to know the
composition of contaminants in indoor air, its variability, and changes over time, so
suitable metrics are needed to regulate indoor air, and its quality improved efficiently,
sustainably, and at the lowest possible cost, along with its relationships with health
risks or comfort. To improve indoor air quality, source control, targeted ventilation,
and space ventilation are the most effective intervention strategies, in that order.
However, increasing the ventilation rate is not always a solution, especially in highly
polluted cities. In many Latin American countries, there is a lack of understanding
about the problems caused by poor air quality. This is aggravated by the prevalence of
fuel poverty. Poor IAQ has an unavoidable impact on government spending on health
care, social care, and social security. This chapter describes metrics for determining
the most important airborne contaminant sources in Latin American buildings, the
variables that affect IAQ, and how contaminants may be controlled and regulated to
minimize their impact on a population’s health and well-being.
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1 Air Quality in Buildings

The air people breathe is composed of a complex mix of chemicals of varying quan-
tities and toxicity. It is also linked to one of the world’s top causes of mortality
and morbidity. An airborne contaminant is something present in the air that would
not ordinarily be there. If it is toxic, it is called a pollutant. Some contaminants are
common elements that are generally safe, such as carbon dioxide. Others negatively
affect human health, even at low levels. The quality of indoor air has been defined
by its acceptability to occupants. ASHRAE Standard 62.2 [1] defines acceptable
indoor air quality (IAQ) as “air toward which a substantial majority of occupants
express no dissatisfaction with respect to odor and sensory irritation and in which
there are not likely to be contaminants at concentrations that are known to pose a
health risk”. Therefore, both the indoor concentration and toxicity of individual con-
taminants must be known before IAQ can be determined. However, the composition
of contaminants varies between buildings and over time, as a function of the lives
and habits of occupants, and of building technologies and appliances [2].

Some contaminants are frequently monitored in the ambient, or outdoor, air to
indicate their quality: particulatematter, also known as particles,1 ground-level ozone
(O3), carbonmonoxide (CO), sulfur dioxide (SO2), and nitrogen dioxide (NO2). They
are called criteria pollutants because they adversely affect health and well-being.
Most research has focused on the outside air, yet people spend most of their time
indoors, usually in their homes [3, 4]. This makes buildings the primary place where
exposures to airborne pollutants occur. The Commission of Social Determinants of
Health is the organization established by theWHO to study health equity worldwide.
It finds that home and work conditions are two of many social determinants of health
[5]. IAQ is generally unregulated beyond the chemical composition of some domestic
goods and toxins in working environments.

The United Nations’ Sustainable Development Goals (SDGs) are a set of 17
international priorities to provide “peace and prosperity for people and the planet,
now and into the future” [6]. Goal 3 strives to ensure a healthy life for people of
all ages by including a health-related indicator of air pollution mortality. The SDG
indicators were updated in 2018 to provide an assessment of progress and the like-
lihood that each of the 195 participating countries will meet the goals by 2030.
For example, 53% of the air pollution mortality goal has been achieved in Barba-
dos, Cuba, Grenada, Saint Lucia, Dominica, Paraguay, El Salvador, Jamaica, Saint
Vincent and the Grenadines, Mexico, Belize, Suriname, the Dominican Republic,
and Honduras, which represent the mode. And 84% of the smoking prevalence
goal has been achieved in Barbados, Antigua and Barbuda, The Bahamas, Brazil,
Dominica, Belize, Dominican Republic, and Guatemala. 57% of the 195 countries
have achieved 90% of the household air pollution goal [6]. Despite the Latin Ameri-
can and Caribbean countries showing unremarkable low air quality levels, more than

1 Particles are the type of pollutant rather than a single compound and are normally reported accord-
ing to their mass concentration. For example, the mass fraction of particles with aerodynamic
diameters smaller than 2.5 or 10 µm are reported as PM2.5 or PM10, respectively.
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50% of the countries have less than a 10% probability of reaching that target. Barba-
dos, Venezuela, Puerto Rico, Trinidad and Tobago, the Virgin Islands, and Antigua
and Barbuda are the only countries to have more than a 90% probability of reaching
the target [6]. Finally, Haiti has made an 18 and 94% improvement in air pollution
mortality and smoking prevalence, respectively, but 0% progress in household air
pollution. Haiti has a 0% chance of meeting the target for residential air pollution.

The following sections describe the current knowledge on the determinants of
indoor air quality, metrics for determining the most important airborne contaminants
and sources in Latin American buildings, how contaminants may be controlled and
regulated to minimize their impact on a population’s health and well-being, and
barriers that must be overcome before implementing changes in building stocks.

1.1 Indoor and Outdoor Sources of Pollution

Indoor contaminants are either directly released from sources, when they are known
as primary contaminants, or they are formedwithin the indoor environment after their
release when they are known as secondary contaminants. They are also classified by
their physical state (gaseous or particulate), their impact on health (criteria or non-
criteria pollutants), or their source type2 (outdoor sources, such as the infiltration of
outdoor pollutants or those released from soil; indoor sources, such as combustion
stoves or heaters; or particulates resuspended by occupant movements or cleaning
activities).

Over the past 70 years, new materials and technologies have been adopted by the
construction industry to increase the environmental performance of buildings. These
have adversely affected IAQ and occupant health when materials emit contaminants,
lifestyles and personal habits change emissions, such as the burning of incense, or
when reductions in the airtightness of buildings occur without additional ventila-
tion [7, 8]. Conversely, the prevalence of some contaminants has decreased due to
restrictions on the use of some chemicals in building materials and consumer prod-
ucts, and changes in occupant behaviors, for example, formaldehyde is restricted as
a preservative in reconstituted wood products and indoor smoking has been reduced.

Gases, particulate matter, and volatile organic compounds (VOCs) are the most
prevalent pollutants found in buildings. VOCs are organic chemical compounds that
evaporate under normal indoor temperatures and pressures. Construction materials,
tap water, household items (such as plastics), and human breath are also common
sources of VOCs. Most VOCs are present in low concentrations indoors, frequently
below the detection limit of most sensors. Table 1 shows the most common con-
taminants found indoors and their likely indoor and outdoor sources. Table 2 shows
common airborne contaminants and possible health outcomes.

2 Sources are defined by ASHRAE 62.2 as “an indoor object, person, or activity from which indoor
air contaminants are released, or a route of entry of contaminants from outdoors or sub-building
soil” [1].
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Indoor pollutant concentrations and individual exposures are geographically and
temporally heterogeneous. This is due to a combination of factors, including the
local and surrounding environment, pollution sources, building design, and occupant
behavior.

1.2 Removal Mechanisms

A minimum ventilation rate is required to maintain acceptable IAQ by diluting con-
taminants and providing oxygen for combustion (see Sect. 3.2). However, higher
airflow rates are required to dissipate heat gains during the cooling season and to
maintain the thermal comfort of occupants. The difference between the two airflow
rates is normally the recirculation rate of a mechanically ventilated building that uses
fans, ductwork, and an air handling unit to moderate the properties of supplied air. A
naturally ventilated building exclusively uses the action of the wind and temperature
differences to move air and so cannot moderate the properties of air or recirculate it.
The pressure differences across natural ventilation openings are very small and so
filters cannot be used. If outdoor air quality is unacceptable, then a naturally ven-
tilated building may be inappropriate unless air intakes can be located away from
pollution sources. Natural ventilation openings are normally sized to dissipate heat
gains in the cooling season and so they should be more than capable of providing
enough air for acceptable IAQ when controlled correctly. Ventilation rates for IAQ
are either a requirement integrated into a country’s building codes or mandated by
a project’s standards. They are specified according to the room’s occupancy; the
presence of pollution sources, such as combustion appliances; or expected highly
pollutant events. However, ventilation is not the only mechanism for removing pol-
lutants from breathed air. Others include aerosol deposition onto surfaces, pathogen
biological decay, and filtering. These removal mechanisms are influenced by space
volume and the behavior of a contaminant (see Sect. 3.2).

Deposition refers to the loss of indoor particulates that attach themselves to sur-
faces and fall out of suspension. Its rate is usually lower than that of ventilation and
depends on a pollutant’s properties (mass, diameter), the surface area-to-volume ratio
of a room, the room air velocity, and the surface area of any furniture. Deposition
rates are especially important when ventilation is restricted. However, their predic-
tion and measurement are highly uncertain [9, 10]. Particulate dynamics also affect
deposition rates, for example, particulates may coagulate, condensate, evaporate, or
change their mass. This, in turn, affects indoor concentrations [11].

The biological decay rate only affects pathogens and is a function of their half-life,
the time for half of all of the pathogens present in a space to become incapable of
growth or damage. This process is known as denaturing or inactivation. In devices,
such asUVemitters, the biological decay rate is used as the system’s rate of biological
inactivation.

Finally, a filter removes particulates from the indoor air by trapping them. Filter
efficiency is the fraction of particulates trapped and varies with particulate size and
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Fig. 1 Relationship between contaminant concentration, energy, and ventilation rate [12]

the filter type. For example, a MERV 1 filter traps <20% of to 99% HEPA filters. It
is possible to filter some gaseous pollutants using a catalyst, but byproducts of the
reaction can be harmful in some circumstances.

When increasing the ventilation rate, there is a law of diminishing returns for
the maximum contaminant concentration (see Fig. 1). Furthermore, increasing the
ventilation rate also increases conditioning energy demand. Therefore, it is always
best to start resolving IAQ problems in the worst ventilated rooms because this
achieves the greatest effects on health for the least cost. Figure 1 also shows a linear
relationship between the ventilation rate and the space conditioning load, and that
there is a trade-off between the contaminant concentration and the energy demand. It
is possible to reduce the ventilation energy demand using heat recovery systems and
by ventilating only when required. This requires an initial focus on source control,
and then the identification and control of the most harmful contaminants in a room
over time (see Sect. 3).

The most common metric of ventilation is a volume flow rate with units of L /s or
m3/s. These metrics are generally used to keep the concentration of a contaminant
below a prescribed threshold, dissipate heat gains during the cooling season, and to
maintain the thermal comfort of occupants. It is also common to use an air change
rate, with units of 1/h, which are used to purge a room of contaminants in a prescribed
period. Air change rates are also useful for comparing the ventilation rates in two
rooms with different geometries. The processes are described in Sect. 3.2.
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1.3 Exposure-Response Pathway

Many indoor contaminants have the potential to cause direct and indirect harm. The
risk of a susceptible person becoming unwell is related to themass of the contaminant
inhaled, known as the dose, and the dose required before a disease occurs. The dose
is higher when there is a higher concentration of pollutants in a place, increasing the
risk of harm, andwhen themetabolic rate of occupants is high. Exposure is defined as
the contact between airborne contaminants and a person. Total cumulative exposures
in a room, Et , as a function of time are determined by Haber’s law of total exposure,
which is the sum of exposures in a number of rooms, Ei , and the time-weighted
personal exposure to the pollutant emitted by personal activities, Epact,j (1).

Et =
∑

i

Ei +
∑

j

Epact, j (1)

Exposure is defined as the product of the contaminant concentration,Ci , in a room
and the time spent in it, ti . There then must be some form of interaction between the
pollutant and the human [13], which is generally inhalation. Because the contaminant
concentration varies with time, an expression of total exposure is 1.

Et = 1

T
(
∑

i

∫
Cidt

i
+

∑

j

∫
Cpact, j dt j ) (2)

where T is the total time spent in each microenvironment and each personal activity
[14].

Normally, exposure models are defined for specific ages and genders which may
vary by activity and place. Mccurdy and Graham [4] analyzed US activity data and
identified variables that showed that the time spent indoors, outdoors, and in vehicles
has a statistically significant effect for each age and sex cohort. They recommend
that exposure studies initially consider age and gender, and then consider the level
of physical activities of individuals. The daily maximum temperature, the month of
the year, and the day of the week are also important drivers.

Klepeis et al. [3] analyzed time-activity data for over 5000US citizens, classifying
it into 10 locations. They showpeople spendmost of their time indoors (average87%),
primarily at home (average 69%), but that this might range from 34 to 98%. Koehler
et al. [15] also studied personal exposures to air pollution and their variability by
microenvironment or location (home, work, transit, eateries, and others). Results
showed greater variability within-person data, which depends on the location. The
highest exposures to PM2.5 were in transit and eateries due to proximity to traffic and
cooking sources, but the higher total integrated exposure was at home.
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2 Researching Building Stocks

2.1 Describing a Building Stock

Buildings stocks are nearly always heterogeneous and often large. Ideally, data to
describe existing buildings is obtained from large-scale field studies and surveys.
Methods to evaluate the building performance are either direct, such as field mea-
surements that use portable or stationary equipment, and indirect, such as modeling
and simulation techniques. Indirect methods are often quicker and cheaper and can
be used to understand future interventions. Computational models have been used
by many countries to estimate changes attributable to policies in the energy demand
and indoor environment quality in both buildings and building stocks. These stock
models are an effective tool for decision-making, and some Latin American countries
have developed and applied a limited set of archetypal or representative buildings,
for example, Brazil [16, 17] and Chile [18].

However, there are uncertainties in model buildings and in the information
required by them, which may restrict their usefulness [19]. The first is a function
of the natural heterogeneity of a stock. The second is random variability which
makes it possible to obtain different predictions for the same case. The third is para-
metric ambiguity where required data may not exist in suitably disaggregated forms.
Finally, the acquisition and processing of data can introduce systematic errors. Other
problems occur when the stock model suffers from oversimplification, is opaque, or
has insufficient modularity [20].

To overcome these issues, recent models use advanced clustering methods to
reflect the variability between groups of buildings and sampling methods to account
for variability in the descriptive parameters, generate distributions of predictions,
and to quantify uncertainty in them (see Fig. 2). The way predictions are assessed
and presented to stakeholders is crucial. Results should not disguise the range of
probable outcomes or measured values, but highlight those that are more likely to
occur and those that are extreme and hence unlikely.

Modelers should also apply global sensitivity analyses to identify the input param-
eters that have the greatest effect on the predictions of the model. These parameters
can highlight targets for remediation or a need for future field surveys when data is
scarce [8, 22]. These strategies are helpful for nations with limited data, such as Latin
American countries, where modeling studies of indoor environmental parameters are
scarce.

Model predictions may differ from measured data and so an update or calibration
process can be carried out by combining the predictions with new data or in situ
measurements [19, 23–25].
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Fig. 2 Predictions of indoor PM2.5 concentrations for the Chilean stock during winter, considering
indoor sources only and infiltration with an exhaust fan as the only contributors to ventilation [21]

3 Assessing Indoor Air

3.1 Approaches

Indoor contaminant concentrations vary between buildings and zones within a build-
ing. This is due to factors that include the local environment, pollution sources,
building design and use, and occupant behavior. IAQ in Latin American buildings is
often assessed using measurements of CO2, CO, and particulate matter, and research
has focused on school and university buildings [26]. Other pollutants of interest
include radon [27], NO2 [28], and PM2.5 [29]. Instantaneous measurements record
concentrations at a specific time and location, and continuous sampling in a single
location may not capture the variability present in others. Consequently, data from
a large number of buildings and locations are required, whose acquisition can be
expensive and time-consuming.

Personal exposures canbe assessedusing the direct and indirectmethods described
in Sect. 2.1. Directly identifying individual sources of pollution in situ requires
complex analyses (see Sect. 3.3). Conversely, indirect approaches rely on simplifying
assumptions, and must consider uncertainty (see Sect. 2.1). Several approaches are
used to minimize the oversimplification of temporal and spatial distributions of IAQ
parameters. Three methods depend on the partitioning of the airspace or the desired
level of spatial information. They range from basic models with (i) a single well-
mixed zone to (ii) multi-zone models, and then to (iii) more sophisticated models
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Fig. 3 Three different approaches to model the IAQ in a building. Left: Single well-mixed models;
Middle: multi-zone well-mixed models; Right: CFD model. Each dot or node represents a well-
mixed volume. Based on [30]

employing a non-uniform distribution of contaminants using Computational Fluid
Dynamics (CFD) (see Fig. 3). Themethod defines the level of complexity, resolution,
and detail used to represent the indoor air in a building.

Each method has drawbacks. Single-zone models with well-mixed air consider
just one volume of air, which is typically homogenous in temperature and contam-
inant concentration. Multi-zone models consider several zones linked via airflow
paths, such as doors. The contaminant concentrations in a building, or each zone,
are then estimated over time using these two methods. Airflows between each zone
and between each zone and the outdoor air are computed iteratively by ensuring
equations where the mass through the system is conserved at each time step. Finally,
a CFD model may be used to assess the distribution of a contaminant within a space
and to determine flow velocities, providing further spatial detail (see Fig. 3). As
detail increases, so does the required computational power and the simulation time.
All predictions can be compared or calibrated using measured data to provide val-
idation. The accuracy of the model can then be determined by its ability to predict
indoor air contaminant concentrations.

3.2 Modeling Contaminant Concentrations

The concentration of a contaminant, C(t), at a moment in time, t (h), in a well-
mixed indoor space with volume, V (m3), is given by the solution to a mass-balance
equation

C(t) = Css + (C(0)) − Css)e
−(λ+κ)t (3)
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Here, λ is the air change rate (1/h), κ is the deposition rate (1/h), and C(0) is
the contaminant concentration when t = 0 hours (h). The right-hand side of Eq. (3)
is split into two parts: on the right is a time-dependent function, and on the left
is a time-independent constant. As time increases, the concentration increases with
time, and eventually the time-dependent part trends to zero leaving a steady-state
concentration, Css (4).

Css = λPCb

λ + κ
+ G

(λ + κ) V
(4)

Here, Cb is the background concentration, G is the contaminant emission rate,
V is the space volume (m3), and P is a dimensionless penetration coefficient that
represents the filtering effect of the building envelope. It has limiting values of 0 and
1 that depend on the characteristics of an airflow path and the contaminant. P = 1 for
contaminants that are not filtered by the envelope, such as gases, or for all contam-
inants when the opening is large, such as a window. However, some contaminants,
such as particulates, are filtered. Then, P < 1 when the airflow path is a small crack.
The units ofC(t) andG also depend on the contaminant type. For a gas, such as CO2,
they have units of parts per million (ppm) and cubic centimeters per hour (cm3/h),
respectively. Equation (4) shows that Css is a function of the removal mechanisms
and decreases as the removal rate increases. The time taken to reach the steady-state
concentration is dependent on the room volume. The bigger the volume, the longer
the time. This is known as the reservoir effect.

These equations can only be assumed to be correct when the emission is a point
source, mixing occurs rapidly throughout due to random internal air movements, the
concentration of the contaminant is the same everywhere, the space does not leak,
and when Pλ, κ,G are constant. If any of these three parameters changes, then all
calculations must be re-started from t = 0 h, when C(0) is reset.

The equations only consider Pλ, and κ to be removal mechanisms, and so may
not apply to some contaminants, such as VOCs in some environments (see Sect. 1.2).
They do apply to inert gases, such as CO2, when κ = 0 and P = 1, or to PM2.5 when
κ = 0.39 and P = 0.8 [31].

When designing regulation and standards, the steady-state concentration Css can
be used to set a ventilation rate, λV (m3/s), so that a threshold contaminant con-
centration is never reached. For example, a steady-state CO2 concentration can be
used to indicate the ventilation rate when the emission rate is known. When G = 5
cm3/s per person [32], the ventilation rate is λ = 10 L /s per person, κ = 0/h, and
the ambient CO2 concentration isCb = 500 ppm. The steady-state concentration can
be calculated to be (500 + 5/(10 × 10−3) = 1000 ppm. Accordingly, when a CO2

concentration is above 1000 ppm in any room, then the ventilation rate is less than
10L /s per person.

The time-dependent element of Eq. (3) can be used to set an air change rate, λ

(1/h), required to dissipate a fraction of a contaminant concentration over a specific
period of time. For example, after a cleaning activity, a gaseous contaminant is no
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longer emitted so that G = 0 cm3/s. Then, to lower its concentration in the indoor
air by 95% over time period T , the required air change rate is (5)

λ = − ln(1 − 0.95)T−1 − κ (5)

When T = 20min (or 0.33h) and κ = 0/h, the required air change rate is λ =
9/h. This is converted to a ventilation rate by multiplying λ by the space volume.

3.3 Measuring IAQ

Measuring contaminant concentrations requires complex and costly equipment,
which often requires expert knowledge to use and maintain. For their measurements
to be meaningful, the equipment must be calibrated frequently.

One of the most cost-effective contaminants to measure is CO2, which is com-
monly done using non-dispersive infrared gas sensors (NDIR), where the absorption
of the characteristic wavelengths of infrared light is measured and used to estimate
the CO2 concentration in air. CO2 sensors are prone to a gradual changing of the scale
of zero, known as zero-drift, and so they require frequent calibration. Non-scientific
sensors, such as those used to operate ventilation, can self-calibrate by determining
the ambient concentration during a prolonged period of inoccupancy.

Optical particle counters (OPCs) are commonly used tomeasure temporal changes
in PM2.5 concentrations. The PM2.5 concentration is inferred from the light scattering
properties of the particles sampled, which vary by source and composition. Accord-
ingly, OPCmeasurements must be scaled by a calibration factor, a multiplier derived
from concurrent gravimetric sampling. A gravimetric sampler collects PM2.5 on a fil-
ter over the defined sampling period. The filter’s mass is determined before and after
the sampling period allowing for the calculation of an average PM2.5 concentration.
OPCs are often most sensitive to PM2.5 of a particular size, and so OPCs capable
of disaggregating PM2.5 concentrations by their diameter can be used to select an
appropriate OPC for a particular source.

Gas chromatography can be used to separate and analyze compounds found in the
air, such as VOCs. There is a range of methods for doing this, which are described by
Helmig [33]. The equipment is both bulky and expensive but has a high resolution.

3.4 Metrics to Evaluate Exposure Consequences

Policymakers often strive to reduce the energy demand of buildings by sealing them
up or by limiting ventilation rates. An unintended consequence could be a reduction
of the quality of indoor air with corresponding negative health effects for individu-
als and increased burdens on public healthcare systems. Current standards specify
a minimum ventilation rate that is fundamentally set for odor control and that is
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also assumed to minimize contaminant exposures and, therefore, protect occupant
health. Accordingly, there is a need for performance-based health-centered IAQmet-
rics supported by our best knowledge of health effects. They must be measurable,
achievable, and have a positive impact on the physical andmental health of occupants
of buildings.

An air quality standard or norm should identify when the quality of indoor air is
unacceptable andbebasedon its effects onhumanhealth and comfort, acknowledging
that they may not be immediate. Health-adjusted life years (HALY) are measures
of health over time and give weighted years a person of cohort lives with a disease
and/or disability. Disability is weighted by its effect on a person’s life in general,
and so can account for mental illness. There are two key HALY metrics. The first
is the disability-adjusted life year (DALY), which measures the disease burden in a
population, expressed as the sum of the number of years lost due to morbidity and
mortality, where a value of 0 represents no loss. In the case of IAQ, the disease burden
is a measurement of the difference between the current health status of a population
of building occupants and an ideal situation where they all live into old age, free of
disease and disability. The second is the quality-adjusted life year (QALY), which
reflects the quality of life of a person or cohort but is the approximate inverse of a
DALY because it considers the health gained from an intervention where a value of
1 represents a year lived in perfect health and 0 is death. Both the QALY and DALY
can be used to assess the financial values of exposures to poor IAQ and interventions
designed to minimize it. Other metrics include money, premature deaths, or working
days lost.

The DALYmetric has been used to estimate the population average annual cost of
chronic air contaminant inhalation in U.S. residences [34] (see Fig. 4). It estimates
that the most harmful contaminant is particulate matter with a diameter of ≤ 2.5µg/
m3 (PM2.5), by an order of magnitude. These particles are small enough to bypass
biological defenses and are linked to chronic respiratory and cardiovascular diseases,
and cancer [35]. The [36] recommends mean PM2.5 concentrations in all air breathed
by a person is less than 15µg/m3 per day and 5µg/m3 per year. Mean annual external
concentrations exceed the WHO limit in many cities making the provision of unfil-
tered ventilation a health risk in those areas. There are also many internal sources
(see Table 1), such as cooking, and behavior modification and adequate ventilation
should be encouraged. The contaminant sources described in Fig. 4 also exist in
the houses of other countries, and so its findings can be extrapolated outside of the
U.S.A.

3.5 Regulating IAQ

IAQ is governed by an ever-expanding number of regulations and standards. Many
standards for non-domestic buildings aimed to control odor, which led to a com-
mon minimum ventilation rate of 7.5L/s per person. This was increased to 10L/s
per person in many building types to account for other contaminants, such as those
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Fig. 4 Estimated population-averaged annual cost, inDALYs, of chronic air contaminant inhalation
in U.S. residences. Reproduced from [34]. Technical Note AIVC 68. Residential Ventilation and
Health. Brussels: Air Infiltration and Ventilation Centre

released by materials and furnishings [37]. The regulation of ventilation rates in
houses generally aims at controlling moisture and diluting the byproducts of com-
bustion. However, these are evolving to consider pollutant sources and harm. The
ANSI/ASHRAE 62.2 standard [1] aims at providing acceptable IAQ in residential
buildings (see Sect. 1.1).

Standards that give threshold values establish them for a population by considering
the effects of exposure on public health [38]. Table 3 presents a summary of threshold
values for air pollutants in indoor settings. Many Latin American countries apply the
IAQ standards of international bodies or other countries [38, 39]. Accordingly, the
values of the World Health Organization and the U.S. Environmental Protection
Agency values are considered here because they are most often applied in Latin
American countries.
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Table 3 Threshold values for main indoor and outdoor air pollutants
Indoor/occupational Threshold By

Pollutant Units (µg/m3) Time

Criteria
pollutant

Particulate matter
(PM2.5)

5 1 year Guideline WHO

15 24h Guideline WHO

15 1 year Standard US EPA

35 24h Standard US EPA

65 24h Standard ASHRAE

Sulfur Dioxide (SO2) 40 24h Guideline WHO

80 (0.03*) 1 year Standard US EPA

Nitrogen 10 1 year Guideline WHO

Dioxide (NO2) 25 24h Guideline WHO

100 (0.05*) 1 year Standard US EPA

1800 (1*) 15min Standard NIOSH/US EPA

Ozone (O3) 200 (0.1*) 8h ELV/Standard OSHA/US EPA

100 8h Guideline WHO

Carbon monoxide 4*** 24h Guideline WHO

10*** 8h Guideline WHO

55***(50*) 8h PEL/Standard OHSA/US EPA

35* 8h REL/Standard NIOSH/US EPA

VOCa Benzene No safe level of exposure can be recommended

Formaldehyde 0.1*** 30 min Guideline WHO

0.1*** 30 min Standard ASHRAE

Trichloroethylene 2 Whole life ELV VGAI

2.3 Whole life Guideline**** WHO

Tetrachloroethylene 250 1 year Guideline WHO

Naphthalene 10 1 year Guideline WHO

9 1 year REL OEHHA

Xylenes 22000 1h REL OEHHA

Other air
pollutants

Polycyclic aromatic
hydrocarbonsb

No safe level of exposure can be recommended

Radon 200***** 1 year Guideline Canada

Biological agents 200 1 year Guideline EU
aVolatile Organic Compounds
bBenz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene, chrysene,
dibenzo[a, h]anthracene, benzo[ghi]perylene and indeno[1, 2, 3 − cd]pyrene
* ppm
** ppb
*** µm3

**** excess lifetime cancer risk of 1:1,000,000
***** Bq/m3

****** CFU/m3

REL: Recommended exposure limit; PEL: Personal exposure limit; WHO: World Health Organi-
zation; USEPA: United States Environmental Protection Agency; VGAI: Valeurs Guides de qualité
d’Air Intérieur, France; OEHHA: Office of Environmental Health Hazard Assessment, USA; Gov-
ernment of Canada, Residential Indoor Air Quality Guidelines, 2016; EU: European Union
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The WELL Building Standard [40] focuses on the people in buildings and identi-
fies over 100 policies, design strategies, and performance metrics that can be imple-
mented to enhance the health and well-being of building occupants. IAQ is one very
important factor.

Most standards are in a state of constant flux and are updated frequently as new
knowledge becomes available. They are challenging to develop because they must
support innovative and flexible design approaches so that designers can deliver high-
performing sustainable buildings for the people who occupy them, without compro-
mising the needs of regulators, policymakers, and building owners [41].

4 Barriers to Change

There is currently little or no regulation in many Latin American countries that
ensures acceptable IAQ in new and existing buildings. This may stem from a general
lack of awareness of the issues caused by unacceptable IAQ and a perception that
this issue is not a priority. Therefore, it is important for construction professionals,
academics, and learned societies to lobby their governments for changes in the law
to require acceptable IAQ. It is easier to regulate new buildings because appropriate
measures and systems can be implemented at the design stage. Later changes can be
implanted that require changes to existing buildings when they are renovated.

The implementation of IAQ regulation will be a non-trivial process. Finance, pub-
lic awareness campaigns, and the need to make the case against competing concerns
in the construction industry will be required. Regulations must be agreed upon by
stakeholders and legislated for. A process for checking adherence to regulations must
be implemented. Therefore, political engagement is essential.

It is in the interest of governments to regulate IAQ because the negative effects
increase government expenditure on health care, social care, and social security,
and reduces economic growth. The impacts on children are particularly important
as this has the potential to reduce their educational attainment and future earning
potential. Sick children require parental care that limits their ability to earn. Adults
with chronic illnesses caused by poor IAQ may be unable to work and become a
burden on the state rather than contributing tax. These consequences are likely to
affect several government ministries, such as housing, health, and social security.
Here, it is important to acknowledge that each of these ministries has competing
agendas.

The academic community can support change by providing peer-reviewed evi-
dence that shows the most cost-effective interventions using multi-criteria cost-
benefit analyses [42]. Scientific funding bodies need to be encouraged to fund
research into geographic and building stock appropriate regulations. Business can be
engaged to create a new industry that seeks to provide solutions. And, if the support-
ing regulation is performance based, so that it gives targets rather than mandating
solutions, it will encourage design innovation. Learned societies need to mediate
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between business, government, and academics to drive change. They can follow the
examples of ASHRAE, REHVA, and the CIBSE.

Implementing change in existing houses poses a significant barrier to change.
Many houses are not airtight and are poorly constructed [21]. The costs of heating
or cooling them may be significant. Fuel poverty affects householders who may face
the unseemly choice between comfort and acceptable air quality. It is particularly
important to transition away from solid-fuel heating to avoid indoor contaminant
emissions and the re-entry of smoke from the outside.

Stakeholders should be under no illusions that implementing a reduction to the
harm caused by unacceptable IAQ in Latin American buildings is a significant chal-
lenge that will take time to succeed.

5 Summary

The indoor air is composed of a complex mix of particles, gases, and contaminants,
varying in concentration and toxicity. Mechanisms for removing contaminants from
indoor spaces include ventilation, aerosol deposition, pathogen biological decay, and
filtering. It is possible to reduce the ventilation energy demand using heat recovery
systems and by ventilating only when required. This requires an initial focus on
source control and then identifying and controlling the most harmful contaminants
in a room over time.

There is a lack of awareness of the issues caused by unacceptable IAQ in many
Latin American countries, exacerbated by the prevalence of households affected by
fuel poverty that may have to choose between comfort and acceptable air quality.
Thus, policymakers must be aware of the unintended consequences of building inter-
ventions on indoor air quality, which would have adverse health outcomes for people
and an increased burden on public health. Poor IAQ inevitably affects government
spending on health care, social care, and social security while reducing economic
development. Air quality standards or norms should establish the acceptability of
indoor air, based on its short- and long-term effects on human health and comfort.
It is important for construction professionals, academics, and learned societies to
lobby their governments for changes in the law to require acceptable IAQ at the
design stage. Implementing a reduction in the harm caused by the poor indoor air
quality in Latin American buildings is a difficult task that will take time to complete.
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Evaluation of a Low-Cost Air Renewal
System for Indoor Air Quality Control in
a Climate Chamber

Eduardo Krüger and Renata Diniz

Abstract There is a growing concern about Indoor Environmental Quality (IEQ)
in buildings as humans are spending longer in indoor environments, whether this is
associated or not with climate change and vulnerability to extreme weather events.
In the wake of the COVID pandemic, the need for indoor air quality control is likely
to increase, the result of many adaptations in home environments to switch to remote
work. In hot countries in the Global South, one of the alternatives is split A/C units
with limited air renewal. While, odorless and colorless CO2, commonly generated
by occupants through respiration, is among the relevant indoor air pollutants. The
purpose of this study is to evaluate a low-cost, responsive air-renewal system in
a climate chamber equipped with a standard split A/C unit. The results show the
system’s feasibility in curbing IAQ concerns and also highlight the risk of negative
impacts on indoor thermal conditions and on energy consumption on using A/C.

Keywords Indoor air quality · Indoor environments · Climate chamber ·
Responsive system

1 Introduction

In the Global South, climate change is likely to exacerbate heat loads, creating unde-
sirable conditions for human performance and occupational health in indoor envi-
ronments. In developing countries, particularly characterized by predominantly hot-
humid conditions, climate change vulnerability is the highest. In their framework for
causal pathways for climate-change-induced, heat-related impacts on working peo-
ple, Kjellstrom et al. [1] showcase two main negative consequences, namely: health
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and economy. Apart from outdoor occupations, such as the case of construction
workers, and in mining and transportation sectors, a large part of indoor activities
in low-income countries is performed indoors, in naturally-ventilated buildings with
no running air-conditioning systems. Yet, the penetration of air conditioners in such
economies is growing faster than income growth [2]. Global South countries such
as India and Brazil have an air-conditioning penetration ranging between 20 and
30% per year, whereas the U.S. showed an annual increase of just 6% in 2014. In
many cases, split A/C units are employed, which have the drawback of having either
limited air renewal or none at all, just re-circulating indoor air. Even though build-
ings in hot countries are generally not airtight, air renewal through cracks may be
insufficient to ensure Indoor Air Quality (IAQ) standards. Moreover, noise levels in
urban centers end up increasing the demand for double-glazed windows with even
greater airtightness.

A groundbreaking study on human occupancy in enclosed spaces, conducted by
National Human Activity Pattern Survey (NHAPS) in the United States, and spon-
sored by the U.S. Environmental Protection Agency (EPA) showed that Americans
and Canadians spend on average, 87% of their time in indoor environments, with
low regional variations [3].

Given the continuous increase in human permanence in indoor environments, the
relevance of studies that assess the impact of this trend on different aspects of human
life is growing. Al horr et al. [4] reviewed several studies that correlated building
environmental performance and the productivity of their occupants, attesting that user
satisfaction with the workplace is proportionally linked to the comfort perception in
the built environment.

Indoor comfort can be defined by the absence of unpleasant stimuli, providing
well-being to building occupants. Feige et al. [5] point out that in an office envi-
ronment, functional comfort (disturbances, interruptions, distance from work, and
resources), psychological comfort (privacy, territoriality), and environmental com-
fort should coexist.

Although the definition of comfort has a broad theoretical spectrum, ranging from
physical comfort and occupational health to environmental psychology, this study
is limited to physical parameters directly related to Indoor Environmental Quality
(IEQ). Moreover, the focus is on the Indoor Air Quality (IAQ) of a lab facility, a
research topic that has gained greater importance since 2020 due to the SARS-CoV-
2/COVID-19 pandemic, as enclosed environments with restricted air renewal have
increased potential to spread the virus [6, 7]. Here lies the double risk of developing
Sick Building Syndrome (SBS) while spreading the virus in indoor spaces, a risk
that is higher in air-conditioned than in naturally-ventilated buildings.

To reduce the concentration of pollutants and increase IAQ levels, indoor spaces
are typically ventilated by opening windows or by mechanical ventilation systems.
Low IAQ results from the accumulation of pollutants, and has a negative impact
on user comfort and health in the short, medium, and long term, and may cause
eye and skin irritation, allergic reactions, coughing, sneezing, nausea, and breathing
difficulties, among others. In this context, indoor air pollution can have external or
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internal sources, where higher IAQ levels depend on low concentrations of harmful
contaminants for people’s health [8].

The main sources of polluting substances are the occupants themselves, the activ-
ities and equipment used, construction materials, furniture, ventilation systems with
either limited or no fresh air supply, and the outside air, which may contain pollu-
tants produced by sources outside the building. The pollutants most frequently found
in indoor air are odors, carbon dioxide, formaldehyde, volatile organic compounds,
tobacco smoke, ozone, radon, nitrous oxides, and aerosols [9].

Doubling or overlapping windows is a low-cost solution when trying to improve
the acoustic and thermal insulation of existing buildings. However, even though this
solution may improve the energy efficiency of the building in the case of HVAC
systems with increased airtightness, there could be deterioration in IAQ due to a
decrease in air change rates [10].

The split system is the HVAC system mostly sold for indoor air conditioning pur-
poses in Brazil [11]. The temperature reduction is achieved through heat exchanges
between the appliance’s refrigerant and the air circulating in the space to be cooled.
As mentioned above, in many air-conditioned buildings in hot regions of the Global
South that rely on split A/C units, their low IAQ is mostly due to the lack of adequate
natural ventilation or mechanical ventilation systems that promote air renewal [12].

Therefore, the objective of this study is to evaluate a responsive air renewal system
to ensure IAQ in an office-like environment from the viewpoints of comfort and
energy efficiency. Even though the study was conducted in a test facility and not
in an actual office environment, lessons learned can be of relevance in the context
of office buildings in urban centers of the Global South. As previously discussed,
the rapid increase of A/C usage in such buildings due to the combination of climate
change impact, urbanization, and overall economic growth in developing countries
will ask for cost-effective renewal solutions from one of the simplest A/C equipment
available, such as the split system without air renewal.

2 Methods

For this study, measurements were made at the Cost-effective Bioclimatic Build-
ing Chamber (CBBC), built in 2018 at the Federal University of Technology of
Paraná located in Curitiba, Brazil (at 25◦26′S, 49◦16′W, 910 m.a.s.l., with Köppen-
Geiger’s Cfb climate), an experimental facility comprising two independent indoor,
office-like environments destined to Indoor Environmental Quality (IEQ) studies.
The setup consists of two rotatable 5.4 m2 container units with office-like interi-
ors, both with conventional aluminum windows and split, high-wall A/C units. The
building envelope and dimensions comply with existing Brazilian standards.
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2.1 Local Climate

Curitiba is the coldest regional capital in Brazil and is located at a high elevation in
the southern region of the country. The local climate is classified as temperate oceanic
(Köppen-Geiger’s Cfb climate), as it has mild summers with relatively cold winters
with frequent frosts. The latest climatological normals (1981–2010) for Curitiba
show that the average annual temperature is 17.4 ◦C with February being the hottest
month (monthly mean of 21 ◦C), and July, the coldest (mean of 13.5 ◦C) [13].

2.2 The Facility

The concept of CBBC is based on the Brazilian Standard NBR 15.220/2003: Ther-
mal Performance of Buildings, which defines the Brazilian bioclimatic zoning and
construction strategies to optimize the building’s thermal performance. It also com-
plies with the Technical Quality Regulation for the Energy Efficiency Level of the
Buildings (RTQ), a directive proposed for promoting energy-efficient buildings in
Brazil. The envelope of the CBBC has a thermal transmittance (U value) of 0.87
W/(m2K) and a thermal capacity (CT) of 122 kJ/(m3K). A thorough description of
the CBBC is shown by [14].

The two units were built from a high cube 40’ shipping container and are identical
in size (floor area of 5.4 m2) and layout (See Fig. 1), offering the possibility of test
comparisons (control versus experimental module). The rotatable structure allows
independent testing of solar orientation and natural ventilation effects.

After the project’s completion in 2018, a series of post-occupancy evaluations
revealed that despite showing a fairly good overall satisfaction in terms of thermal,
luminic, and acoustic parameters, some users complained about noise from outside
sources (traffic). Noise levels were also measured with a Brüel & Kjaer B&K Type
2250-L class 1 sound level meter and analyzer during peak hours pointing to the
need for acoustic treatment for the window. As a result, a second window was added
to the existing one, creating an overlap of two windows, which lead to acceptable
noise levels in the room during peaks (average equivalent noise level of 40.7 dB).

A side project analyzed the benefits of having the overlapped windows to IEQ
in the experimental module “EM” [15]. However, despite the increased thermo-
acoustic performance of the indoor environment, with negligible impacts on indoor
daylighting levels, the greater air tightness of the CBBC resulting from the added
window negatively affected IAQ related to occupancy of the facility, mainly carbon
dioxide—CO2 output, when the split A/C unit was in operation.

The EM has a double door (an internal wooden door and the original steel door of
the container fitted with 15 mm Styrofoam). The north-facing, double window has a
gross surface area of 1.26 m2, and the original layer is composed of two sliding panes
with 6 mm glazing. A second layer was attached externally and has tilt windows with
4 mm glazing [15]. The net ventilation area with opened windows is approximately
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Fig. 1 Layout scheme of the two CBBC modules

0.6 m2. The lighting system consists of three Phillips LED lamps, HUE White and
Color Ambiance—Starter Kit E27, with adjustable color-correlated temperatures.
As shown in Fig. 2, the internal layout has a workstation with an internet connection.

The energy-efficient split A/C unit (model PH9000TQFM5) has 9000 BTU/h and
can reach an airflow of 500 m3/h. Nevertheless, the unit does not provide air renewal,
and infiltration rates through cracks are low (0.20 air changes per hour) to provide
acceptable CO2 levels when there are occupants inside.

2.3 Air Renewal System

The air renewal system for improving IAQ that would fit the small internal volume of
the CBBC (13.5 m3) consists of one inlet and one exhaust fan, diagonally positioned
at two heights to more easily remove CO2 concentrations, and with the inlet fan
placed just below the A/C vent (See Fig. 2).

The inlet fan of the installed air renewal system (SicFlux Splitvent BIV) has a
maximum air renewal capacity of 54 m3/h and uses G4/M5 filters. The exhaust fan
(SicFlux Sonora 10) has a maximum capacity of 105 m3/h.

The air renewal systemwas provided with simple automation, setting up both fans
when CO2 levels exceeded a given threshold and disarming those when acceptable
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Fig. 2 Air renewal system
implemented in the CBBC’s
experimental module

levels are reached. The low-cost, responsive air renewal system uses an Arduino
Mega 2560R3 interface that receives and interprets sensor signalswith an electrically
operated switch or relay that turns the fans on and off. The CO2 sensor (Ccs811)
measures parts per million (ppm) of carbon dioxide and was calibrated against a CO2

meter Flex X-06 (Criffer), which measures within the range of 0–40.000 ppm with
1 ppm resolution.

2.4 Tests Performed with the Air Renewal System

Starting from the goal of the study, which was to evaluate the performance of the air
renewal system at the CBBC from the viewpoints of comfort and energy efficiency,
twodistinct operationmodes of the experimentalmodulewere compared: (1) opening
thewindow once CO2 levels generated by the occupant were inadequate, and (2) with
automation using the responsive air renewal system. Tests were thus performed for
a free-running thermal environment and with the A/C split unit turned on. In this
chapter, the results are summarized with the following comparisons:

• Time needed to reach inadequate CO2 levels in the office with one occupant (the
limit of 1175 ppm was assumed for that, based on the occupation pattern and
baseline CO2 levels in outdoor areas in Curitiba) and time elapsed for reaching
adequate IAQ levels with the air renewal system permanently switched on with
one occupant;
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• Defining the lower threshold—whether 600 or 900 ppm;
• Energy consumption for A/C with the minimum threshold of 900 ppm, with and
without air renewal;

• Free-running mode with the opening of the window

Concurrently to the CO2 monitoring at desk level, close to the occupant at a
sitting position, relevant environmental data were gathered indoors and outdoors.
Indoor variables were air temperature and humidity and globe temperature readings
at 1.10m in the middle of the room. A TagTemp stick temperature sensor (accuracy
±0.5 ◦C at 25 ◦C, resolution 0.1 ◦C) was enclosed in a 10 cm diameter plastic globe,
painted gray for globe temperature readings. Air temperature and humidity were
recorded by a HOBOUX100-003 logger (T:±0.53 ◦C from 0 ◦ to 50 ◦C, RH:±3.5%
from 25 to 85%, resolution 0.14 ◦C at 25 ◦C and 0.07% at 25 ◦C and 30% RH). Spot
measurements were taken of the airspeed with a hot-wire anemometer at desk level.

Amultifunctional electricmeter (B1C3 fromLandis+Gyr)was connectedbetween
the power outlet and the A/C unit to allow measurements of the energy consumption
for air-conditioning during sessions.

The thresholds used for the operation of the air renewal system were 1175 ppm
(maximum allowed concentration for setting up the system, obtained for local condi-
tions according to recommendations of the Brazilian standard NBR 16401-3, 2008)
and 600 or 900 ppm (tentatively used as baseline concentrations for turning off the
fans).

Tests were run during the summer months between January and March 2022 in
Curitiba. Those summer months were relatively mild, with ambient temperatures
reaching above 30 ◦C but with a daytime (from 6 am to 6 pm) mean of 21.4 ◦C, and
daytime thermal conditions, in their majority, lying within the adaptive comfort zone
for Curitiba for 90% thermal acceptability [16] and below it, with limited overheating
during the day. Cold fronts occurred frequently during this period, rising in intensity
in March. The rationale for choosing this period for analysis instead of months with
less precipitationwas that focusing on the summer period, the provision of air renewal
might lead to overheating and to increases in cooling demand, which are parameters
to be tested as per experimental design.

3 Results

The first test was to evaluate the time elapsed with one occupant performing light
officework, seated. CO2 output, in this case,was assumed to reach 0.3 1/min. Figure 3
shows the output reached in terms of parts per million of the indoor air without any
air renewal, except for the estimated infiltration rate of approximately 0.2 ACH. On
the same graph, the dashed line shows the CO2 concentration departing from the
same baseline conditions but with the air renewal system permanently switched on.

Without air renewal, the CO2 levels will exceed permissible conditions in less
than an hour, after around 50 min, whereas with a permanent air renewal, CO2 levels



224 E. Krüger and R. Diniz

Fig. 3 CO2 output for one occupant, with and without air renewal

tend to stabilize just above 600 ppm with the internal source (occupancy). Such
observation was confirmed by testing the lower limit for switching off the responsive
air renewal system. In both cases, the Arduino Mega 2560 R3 interface was set
to turn the fans on and off when given thresholds were reached. Setting the upper
threshold at 1175, 600, and 900 ppm was tested for automatically switching off the
fans. Figure 4 shows CO2 concentrations for the same two-hour timeframe hours
with one occupant performing light desk work.

The graphs show that only for tighter control (900 ppm) is there a cycling behavior
as the 600 ppm limit is just below the average CO2 output for one occupant in the
office, thus that threshold will virtually never be reached and the air renewal system
would not disarm. With the threshold set higher, the system takes 30–40 min to
renew the inside air and stop the fans, and 20 min to start running again, as the
lower limit is close to saturation. Looking more closely at the energy consumption
of the air-conditioning unit during those times, it was verified that the increase in A/C
consumption during air renewal is more than two-fold than without, for an operating
time of less than double.

Another useful test was to consider the simplest solution for dispersing a too-high
concentration of CO2 indoors, just by opening the window (See Fig. 5). The test was
done on a hot day, with outdoor temperatures during the test lying around 30 ◦C.

During the 1.5 h monitoring period, a rising pattern of the CO2 concentration in
the indoor environment is noted, with a rate of approximately 100 ppm for every
five-minute interval as previously shown in Fig. 3. Until the opening of the window,
the A/C was in operation and at a setpoint of 22 ◦C. After the window was opened,
the A/C was switched off to allow evaluating the increase in air temperature and
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Fig. 4 CO2 levels for one occupant, with lower thresholds of 600 ppm (a) and 900 ppm (b)
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CO levelPMV upper limit2

Fig. 5 CO2 and PMV levels for one occupant, free-running office, with the opening of the window

comfort conditions in the room. From a measured indoor air temperature of 22 ◦C
before opening the window, a final temperature of 27.4 ◦C was reached by the end
of the evaluated period. Even if the window was closed just after the highest CO2

concentration threshold adopted before as a lower limit, that of 900 ppm (See Fig.
4b), was reached, the increase in indoor temperature would already represent 1.7 ◦C.
In terms of the PMV, to restore initial CO2 levels from the start of the experiment,
after 55 min, the change in PMV would reach 0.77 thermal vote, with a change in
PPD of 33% and with an upward move from a Category IV thermal environment to
Category III.

4 Discussion

Commercial Air-Handling Units (AHUs) are designed to supply clean air to indoor
environments and their energy demand can be linked to the need for providing fresh
air at controlled temperatures so as not to interferewith pre-existing cooling and heat-
ing processes in the space being conditioned. Heat exchangers or Energy Recovery
Systems (ERS) are employed for that purpose, particularly in Zero-Energy Buildings
(ZEBs) in cold climates [17]. The widespread use of such technologies is noticed in
high-latitude climates in many cases due to restrictive building codes [18].

In Net-Zero Energy Buildings (NZEBs) that are generally very well insulated
and airtight, Ng and Payne [19] have noticed that frequently the issue of ventilation
in connection with ensuring adequate IAQ is either not dealt with or the design



Evaluation of a Low-Cost Air Renewal System for Indoor Air Quality … 227

ventilation rate is not properly described. In addition, the consequences of increased
energy use due to ventilation for IAQ reasons are seldom discussed.

The energy-saving potential of the use of ERS in supplying fresh air to the indoor
environment in high-performance houses was evaluated by computer simulations in
several climate zones in the U.S. compared with supply-only ventilation systems in
several studies [20–22]. The benefits of employing ERS in air renewal systems are
generally low, and in some cases, there can be even an increase in energy demand.
Yet, significant energy savings can be expected when using “smart” ERS that use
controllers based on time-of-use pricing and outdoor temperature conditions when
compared with conventional ERS [23].

In conventional houses in northern Europe, the advantages of ERS coupled with
IAQ ventilation can be smaller than in passive houses, as ventilation heat recovery
systems perform better with improved airtightness [24].

Butwhat about theGlobal Southwith its ever-increasing cooling demand?Climate
change projections indicate that the demand for air- conditioning (AC) is expected to
dramatically increase in developing countries in connection with population growth,
growth in income, and comfort needs [25]. In this context, we may talk about a
“cooling gap” that is not equally distributed in the Global South and is the largest in
regions with high population density, severe climatic conditions, and low A/C own-
ership. The International Energy Agency (IEA) estimates an additional two billion
residential A/C units in India and China alone by 2050 [26].

The move from naturally ventilated to air-conditioned buildings increases the risk
of deleterious impacts on IAQ that can lead to sick-building syndrome (SBS) upsurges
in homes [27]. In their study, Wong and Huang [27] compared CO2 profiles of differ-
ent A/C units deployed in bedrooms against those of naturally-ventilated bedrooms
and found out that regardless of the type of A/C unit being used (including a window
unit with an air vent open), CO2 levels exceeded 1000 ppm during nighttime hours.
Even though the observed CO2 concentration levels do not pose life-threatening or
hazardous situations, indoor conditions could generate headaches, nausea, dizziness,
and fatigue for sleepers.

In this context, the air renewal system such as the one presented in this paper can be
advantageous, by automatically controlling IAQ conditions from a set of predefined
CO2 levels.

Nevertheless, some barriers ought to be investigated in more detail in future
research. The preliminary results obtained with the low-cost, air-renewal system
(estimated cost of less than $200) show the complexity behind defining an adequate
CO2 threshold used as the trigger to start air renewal vis-à-vis the need to control
a limited increase in A/C demand and a rise of indoor temperatures during the pro-
cess. Other concerns should be with the noise-disturbance factor when fans are in
operation so that the air-renewal times should be kept to a minimum.
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5 Conclusions

The IAQ control system presented in this paper has a low cost and the results are
preliminary at most. Limitations in the operation mode in terms of better defining the
lower threshold for disarming the system, the running time of the fans, and the inte-
gration of outdoor thermal conditions in the control functions to avoid overheating
and excessive increases in A/C demand still need to be circumvented. Even so, the
simple automation, the ease of use of the system, and the immediate results in terms
of desirable IAQ levels are some of its advantages. In the case of the climate cham-
ber, the automated system will be key to longer-term residency in the indoor office
environment and allow studies on occupant behavior, post-occupancy evaluations,
and daylighting, among others.

As for the responsive system (in terms of immediate response to sensor readings,
in this case, CO2 levels in the room) discussed in this chapter, it is important to point
out that the introduction of responsive elements in architecture is a research avenue
per se. Following an approach that is apparently opposite to human-centered design,
such systems are advantageous as theywill followan adequate operation following set
standards. As opposed to automated, timer-regulated systems, indoor IEQ conditions
are expected to increase while energy demand is expected to fall. In the case of the air
renewal system tested here, a more human-centered approach would perhaps dictate
that the user could open the window at will to improve IAQ conditions. However, this
could lead to excess heat gains and, thus, to increased A/C demand. Future research
could, therefore, focus on user satisfaction surveys regarding (1) a statically, tightly
controlled office environment in terms of air quality, (2) a responsive air renewal
system, and (3) total flexibility for the user to operate fans and openings at will.
Additionally, the comparison should take into account energy demand and indoor
comfort under each operating condition.
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Visual Comfort and Daylight



New Dynamic Daylight Metric Based
on the Local Context and the Perception
of People in the Tropics

Lucas Arango-Díaz and María Beatriz Piderit-Moreno

Abstract One of the requirements to favor visual comfort in indoor environments, as
well as to optimize energy efficiency, refers to guaranteeing sufficient daylight. Cur-
rently, some standards determine sufficient light levels to perform reading-writing
tasks. These standards, which are basedmainly on criteria generated in places located
above the Tropic of Cancer, prioritize productivity over people’s perception. Even
though several authors have highlighted the importance of considering people’s per-
ceptions in determining sufficient daylight illuminances, there is no consensus on
appropriate daylight levels to perform reading-writing tasks. In addition, although
there are dynamic metrics for the analysis of daylight performance, the most popular
ones propose generic reference illuminances as sufficient illuminances but do not
consider the perception of people. This chapter reflects on the need to use dynamic
daylight metrics that consider illuminances that people perceive as sufficient. A new
dynamic metric, daDA, is presented for application in the Tropics. This metric con-
siders the variability of the proportion of people in the Tropics who perceive a certain
daylight level as sufficient depending on the availability of exterior daylight so that
this is considered a contribution to removing the barriers to environmental comfort
in the Tropics.
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1 Introduction

Daylight has taken on a dimension within sustainable architecture and developments
in research regarding well-being and health associated with the integration of day-
light, which goes beyond a game of lights and shades to exalt a space. This new
dimension allows addressing its integration and effects from different approaches:
(i) the search for sufficient lighting levels on the work plane to favor the performance
of visual tasks; (ii) the power efficiency from the integration of daylight and artificial
light systems; (iii) the control of glare probability to optimize visual comfort; (iv)
the control of solar accessibility to avoid annoying brightness or excessive illumi-
nance; (v) the circadian lighting design to favor people’s health; and, (vi) the design
of daylight effects or ambiances to generate or transmit emotions, among others.

From these approaches, it could be said, from a scientific point of view, that the
ones related to sufficient illuminance on the work plane have advanced more than
others because they have been more widely addressed and applied in recent decades.
This advantage in progress, perhaps, is caused by the noticeable interest of humanity,
for decades, to reduce the use of artificial light to favor power efficiency and increase
labor or academic productivity based on optimizing visual comfort.

Under this approach of sufficient illuminance, although questions about the incor-
poration of daylight in architecture have mainly been focused on guaranteeing the
necessary, sufficient, or proper lighting levels to perform given visual tasks, the
responses have demonstrated two particularities.

Firstly, there is evidence of mixing the recommendations or guidelines for natural
and artificially lit environments. Although currently, documents such as CEN/TC
169/WG 11—Daylight [1] recommend illuminances for naturally lit spaces, the doc-
ument, Lighting of Indoor Workplaces [2], presents recommended illuminances for
several types of visual tasks for artificially illuminated environments, serving as a
guide in many contexts to determine the recommended illuminances of naturally lit
spaces.

Secondly, despite efforts from Blackwell [3] and beyond determining the lighting
levels that guarantee optimal performance in visual tasks, Boyce [4] has insinuated
that, on the one hand, sufficient illuminance has been determined throughout history
for reasons not necessarily related to comfort or visual performance but, even, for
political or economic reasons of each country, the reason why it is not possible to
arrive at a consensus on those lighting levels. On the other hand, it has outlined the
differences between the illuminances required to improve visual performance and
those illuminances preferred by people.

Despite these two situations, several authors have reported different lighting levels
preferred or perceived as sufficient for reading and writing activities [5–12] and
these differences have been explained from different points of view: physical or
psychological states of people [13], preferences and expectations of people [11, 14],
age of people [15], cultural factors specific to each location [16], visual adaptability
of people [11, 17], indoor temperature [18], outdoor weather conditions [8, 11, 19]
or the adaptation of people to external daylighting availability [20].
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Considering all these views, it seems unlikely that a standard daylighting level
is perceived as sufficient by the globe’s entire population. Despite this, daylighting
levels of 300 or 500 lux have now been adopted for typical reading and writing
tasks in offices or educational spaces [21–24]. It is important to mention that these
daylighting levels have been proposed by researchers in places above the Tropic of
Cancer, therefore, their applicability may be questionable in other contexts such as
the South of the planet or the intertropical strip. For this strip of the planet, beyond
the scarcity of daylight studies, as expressed by Mangkuto et al. [25] and Kong and
Jackubiec [8], climatic conditions, as well as daylight availability throughout the
year, markedly differ from conditions at latitudes above the Tropic of Cancer, which
could lead to greater differences in the perception of daylight sufficiency.

1.1 Visual Adaptability

Visual adaptability has been identified as one of the reasons for explaining differences
in people’s perception of daylight sufficiency. In the area of daylighting and visual
comfort, visual adaptability has been addressed from several perspectives. On one
hand, Jakubiec and Reinhart [26, 27] proposed a model of adaptive visual comfort
called the Adaptive zone, which considers the possibility that people, reacting to
a certain uncomfortable visual stimulus, direct their look elsewhere. Arguably, the
authors consider adaptability as the possibility ofmoving the body andnot necessarily
from the mechanisms of the visual system. On the other hand, for several years,
visual adaptability has been addressed in research on daylighting and visual comfort
from the physiological point of view: it has been accepted that (i) the variation of
the pupil diameter depends on the amount of light that falls upon the eyes; (ii) the
transient adaptation based on the decomposition of photoreceptor pigments on the
eyes depends on the changes in the amount of light; and, (iii) the adaptation of
ganglion cell response levels according to the mean illuminance of the retina, so
that the visual sensitivity is modified to discriminate targets in the visual field, are
visual system adjustment mechanisms to adapt to the lighting conditions of the visual
environment. It is evident that all thesemechanisms influence theway a certain visual
stimulus or a certain illuminance is perceived.

Now, beyond all these visual mechanisms contributing to adjusting our visual sen-
sitivity in a relatively short time, adaptability has recently also been considered as
the psychophysiological ability to adapt to environmental conditions in the long term
and not immediately [20]. This means that if a person has been accustomed through-
out his life to certain lighting conditions, he will end up adjusting his assessment of
light sufficiency to his experience.

This long-termvisual adaptability could resemble the logic of the adaptive thermal
comfort model developed by Nicol and Humphreys [28]. In this model, the range
of operating temperatures considered comfortable varies depending on the outdoor
temperature that people in a certain area are accustomed to. Likewise, it could be
considered that the range of daylighting levels considered sufficient or preferred
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by people could vary depending on outdoor daylight availability. This is equivalent
to proposing that, in places with lower outdoor daylight availability, illuminances
considered low in other contexts could be appreciated and considered sufficient.
This is also known as visual expectation, which means that people judge the lighting
level at a particular time according to what they would expect to find.

Given this, considering a lighting level generated in a specific place as a global
standard is not very strategic or is simply just naïve. The differences between places
located in the Tropics and those located above the Tropic of Cancer would not be
minor. TheTropics are characterizedby relative annual stability in climatic conditions
and daylight availability, while in other regions of the planet, the seasons also mark
differences in outdoor daylight availability.

To summarize, considering the long-term visual adaptability of people to deter-
mine sufficient daylighting levels, represents a commitment to eliminate barriers in
the study of visual comfort in the Tropics, based on the inclusion of human factors
and sociodemographic differences in studies and research on daylight.

1.2 Dynamic Daylight Performance Metrics: Calibration
According to Visual Perception

Dynamic simulations, or Climate Based Daylight Modeling—CBDM, have been
positioned above static simulations to determine the daylighting performance of
indoor environments since the beginning of this century [29]. Its popularity is due to
the ease with which daylighting performance of an environment throughout the year
is valued from the point of view of daylighting sufficiency. In general terms, with
these metrics, it is possible to determine the percentage of time that a point in space
has a daylighting level or the percentage of space that has a certain daylighting level
during a percentage of time per year.

Of these daylightingmetrics, themost popular are:DaylightAutonomy—DA[30],
Useful Daylight Illuminance—UDI [31–33], Continuous Daylight Autonomy—
Dacon [34], Spatial Daylight Autonomy—SDA together with Annual Sunlight
Exposure—ASE [21, 22], and SUDI—Spatial Useful Daylight illuminance [35].
However, despite their popularity, the need to consider people’s perception in cali-
brating these metrics has constantly been sought, ever since Reinhart and Weissman
[35]. Despite the previous statement, there is no consensus to date on which metric
best describes people’s perception of daylight sufficiency [11, 36]

This lack of consensus is generated, in part, by the inability to agree on the
illuminances or daylighting ranges perceived as sufficient, as described above, and,
in part, by the time specified in the spatial metrics, SUDI and SDA. In these, the
specification of 50% of the time per year is common. According to Darula [37], this
time percentage is used to ensure daylight sufficiency at least during half the year,
in summer, when there is more availability of outdoor daylight. In view of this, it is
evident that the applicability of this time percentage in intertropical locations should
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be reconsidered due to the relatively stable availability throughout the year, unlike
localities above the Tropic of Cancer.

With this panorama, it is necessary to advance in the contextualization of metrics
or to formulate a dynamic metric for the Tropics, that, on one hand, considers the
daylighting levels perceived as sufficient by the population according to the so-called
long-term adaptability and that, on the other, canmodify the percentages of time used
per year in latitudes below the Tropic of Cancer. It is estimated that this metric could
contribute to the study of visual comfort in this area of the planet considering its
particularities.

2 Method for Developing a New Dynamic Daylight Metric
Associated with Outdoor Daylight Availability

Since there is a need to consider a dynamic daylight metric, that in the definition of
the reference illuminances considers the variability of daylighting levels perceived
as sufficient, in each geographical location, depending on outdoor light availability,
based on the result of the doctoral thesis of Arango-Díaz [20], two dynamic daylight
metrics for the tropics were formulated: Daylight Autonomy associated with outdoor
daylight availability—daDA, and Spatial Daylight Autonomy associated with out-
door daylight availability—sdaDA. To formulate these metrics, logistic regressions
were made from survey data and measurements in university classrooms located in
four Colombian cities with different climatic conditions: Medellín (lat. 6◦12′08′′N;
long.75◦35′12′′W; alt. 1491mamsl), Cali (lat.3◦22′32′′N; long. 76◦32′00′′W; alt. 982
mamsl), Armenia (lat. 4◦27′07′′N; long. 75◦46′00′′W; alt. 1214 mamsl) and Maniza-
les (lat. 5◦01′44′′N; long. 75◦28′08′′W; alt. 2078 mamsl).

The daDA metric is like DA, which means that it refers to the percentage of time
per year that the daylighting level is equal to or greater than a reference illuminance.
The difference lies in the way the reference illuminance is determined. Instead of
estimating 300 or 500 lx, typical for reading and writing activities, this new metric
considers that the illuminance perceived as sufficient by people varies depending on
outdoor daylight availability. Therefore, given the differences in outdoor daylight
availability between different geographical locations, the reference illuminances are
specific to each place.

For this reason, when determining reference illuminances for each geographical
location, two determining variables were coined: population percentage and percent-
age of time per year: In the process of formulating the metrics, [20] proposed valuing
a given daylighting level in a geographical location according to the population per-
centage that considers it “dark” or “not dark”. For example, in a specific geographical
location, 60% of the population may find that 300 lx is “not dark” and 40% consider
it “dark”, while in another location it may be the other way around. This proposal
helps to understand from another perspective the correct use of daylight based on the
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question: what daylighting level guarantees that more people perceive the environ-
ment as “not dark”?

When answering this question, itwas discovered that in each geographical locality,
there are variations in how a given daylighting level is perceived, according to the
outdoor daylight availability at a specific time. This is equivalent to saying that, for
example, 60% of the population that perceived a 300 lx illuminance as “not dark”,
may increase or decrease at other times of the year or hours of the day depending on
the outdoor daylight availability. Facing this complexity, the reference to daylighting
levels were determined according to the population percentage that perceived a given
lighting level as “not dark” during a given percentage of time per year. Therefore,
just as the expression DA [500 lx] refers to the use of the Daylight Autonomy metric
with a reference illuminance of 500 lx, for example, the expression daDA [80%,
50%], refers to the implementation of the new metric with a specified reference
illuminance to ensure that 80% of people perceive the daylighting level as non-dark
during 50% of the time per year. Therefore, this new daDA metric is defined as the
percentage of time per year that a point in an indoor environment equals or exceeds
a reference daylighting level generated from the perception of daylight sufficiency
by a percentage of people during a period per year. In the process of formulating the
metric, it was considered convenient to find the reference illuminances according to
the perception of the daylighting level as “not dark” for 80% of the population 50%
of the time per year.

On the other hand, just as the sDA refers to the percentage of space that equals
or exceeds a reference daylighting level during a certain percentage of the time, the
sdaDA refers to the percentage of space that equals or exceeds, during a certain per-
centage of time per year, the reference illuminance generated based on the percentage
of people who perceive the daylighting level as “not dark” during a certain period
per year. Thus, sdaDA [60%, 75%/50%] refers to the percentage of space that for at
least 50% of the time per year exceeds the specified reference daylighting level to
ensure that 60% of people perceive the daylighting level as “not dark” during 75%
of the time per year.

3 Results

After applying the method described to identify the reference daylighting level from
the climatic file available for the city of Medellín [38] it was found that 691 lx is
the reference daylighting level ensuring that 80% of that population perceives the
daylighting level as “not dark” at least 50% of the time per year, i.e., daDa (80%,
50%) = 691 lux

Based on the definition of this reference daylighting level, computational day-
light simulations were carried out in a hypothetical classroom with dimensions and
materials typically used in the city of Medellin [20]. In the simulations, the submit-
ted metric, daDA, and the DA metric were used. The simulation results are shown
in Table 1 and, show great differences in the valuation of an indoor space when
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Table 1 Result of the comparison of computer-simulated daylight in a hypothetical classroom

Daylight Metric Reference illuminance Results (%)

DA 300 lx 92.7

DA 500 lx 81.5

daDA 80%, 50% 67.0

sDA 300 lx/50% 100.0

sDA 500 lx/50% 99.3

sdaDA 80%, 50%/50% 72.1

sDA [500 lux, 50%] = 99.3% daDA (80%, 50%/50%) = 72.1%

Fig. 1 Graphical comparison of results applying two metrics: sDA [500 lx, 50%] and daDA (80%,
50%/50%)

considering the perception of people and their adaptability to outdoor daylight avail-
ability compared to simulations with typical reference levels. These differences are
not less than 14.5% betweenDA and daDA and 27.2% between sDA and SdaDA, that
is, obviously the valuation of a given space from the computational simulation can
significantly vary depending on the metric used and the daylighting levels adopted.

To complement the results, Fig. 1 graphically compares the results of the sDA
[500 lx, 50%] and daDA (80%, 50%/50%) metrics. It is evident that the back of the
room does not meet the minimum levels recommended for 80% of the population to
perceive the daylighting level as sufficient for 50% of the time per year.
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4 Discussion

This chapter discusses the importance of considering a dynamic daylight metric for
the tropics with reference daylighting levels specified according to outdoor daylight
availability and its influence on the variability of people’s perception of daylight
sufficiency. This discussion is relevant because it represents a significant step toward
the study of visual comfort in the tropical context based on its particularities.

During the research, the impossibility of guaranteeing that 100% of people per-
ceive a certain daylight level as sufficient was identified and, it was proposed to assess
this daylighting level according to the population percentage that will perceive it as
“not dark”.

Additionally, the influence of long-term visual adaptability on people’s perception
was recognized and, this adaptability was related to outdoor daylight availability,
as well as the adaptive thermal comfort model, relating adaptation to the average
outdoor temperature. After recognizing the influence of the relationship between
outdoor daylight availability at a given time and, average annual outdoor daylight
availability on people’s perception, it was also proposed to consider the percentage
of time per year in which a population percentage would perceive a given daylighting
level as “not dark”. With these variables, as explained, the reference illuminances
are estimated in the new daDA metric, which considers the perception of people in
the intertropical range.

It is noticed that future approaches should consider not a reference value but rather
a reference range to also control the perception of excessive illuminances. Addition-
ally, for the application of the sdaDA metric, it is recommended to reconsider the
specification of 50% of the time per year to run the computational simulation, since
this is not consistent with the stability of outdoor daylight availability throughout the
year in the Tropics compared to places with considerable climatic variations. Despite
this, it is predicted that this metric could even be explored in geographical locations
outside the intertropical range based on modifications to the reference illuminance,
for example, in winter and summer.

5 Conclusions

This chapter submitted a new metric to calculate daylight, contributing to removing
barriers for the effective study of visual comfort in places other than those located
above the Tropic of Cancer.

This new metric represents a commitment to include the sociodemographic par-
ticularities of the intertropical strip in the assessment of daylighting performance
of indoor environments and recognizes that commonly used metrics respond to the
needs of another context. The application of the metric showed great differences
from the application of typical daylight metrics, which are included in certification
systems or minimum standards for visual comfort. It is estimated that the use of this
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new metric would contribute to a more accurate assessment of daylighting perfor-
mance in indoor spaces located in the tropics and would be better aligned with the
need to include people’s perceptions in daylight analysis.
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The Daylit Area and the Regional Aspect
of Daylight Sufficiency Metrics

Raphaela Walger da Fonseca , Ethieny Rossato Kramer ,
Suelem Schier de França , and Fernando Oscar Ruttkay Pereira

Abstract The effectiveness of evaluating daylighting is dependent on the metrics
employed to measure the building user satisfaction. Currently, the most used day-
lighting metrics, the spatial daylight autonomy (sDA) and the annual sunlight expo-
sure (ASE) recommended by the Illuminating Engineering Society (IES LM 83-12)
are based on the preferences of building users from the Global North (37◦–48◦N),
although they are adopted worldwide. The following question thus arises: is it appro-
priate to adopt the same criteria for places with different cultures and climates? Seek-
ing to answer this question, field research was carried out in Florianópolis, Brazil
(27◦S). A protocol like that which forms the basis of IES LM 83-12 was applied to
four building environments at the Federal University of Santa Catarina. Interviews
(132) were conducted, accompanied by simultaneous daylight measurements and
computer simulation. The results were evaluated based on the sociocultural profile
of the respondents. It was noted that the limits of sDA and ASE are more restrictive
than the interviewees’ perception. However, the difference in the results for each
building showed that this contrast is more related to the effects of architectonic solu-
tions on the visual perception of individuals than sociocultural and climatic aspects.
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1 Introduction

Establishing representative metrics of the daylit area is connected to user perception.
Thus, several factors, besides the actual amount of daylight, affect the determination
of this area, includingbiological, physiological, andpsychological aspects [1],which,
in turn, can be influenced by local factors, such as the sociocultural reality of the
individual [2]. However, the metrics proposed to define the daylit area, as well as the
respective performance criteria, currently applied worldwide, were based on field
research carried out in the United States [3], between latitudes 37–48◦N, where
cultural, socioeconomic, and climatic characteristics diverge from those found in the
Global South. Consequently, it is important to verify the relevance of these indexes
in places around the globe where the reality differs considerably from where the
metrics originated.

The effectiveness of a performance metric is dependent on coherence between
its conceptual definition, the basis for determining its criteria, and the context of
its application. Concerning the conception of metrics aimed at the evaluation of
naturally lit places, this chapter deals with those established in the recommenda-
tions of the Illuminating Engineering Society (IES) regarding the spatial daylight
autonomy (sDA) and annual sunlight exposure (ASE) in LM 83-12 [4], which deals
with sufficiency of daylight illuminance and the potential risk of excessive sunlight
penetration. The sDA300/50% value is the percentage of the area which exceeds the
minimum illuminance value of 300 lx, for 50% of the building occupation time over
the period of a year, set from 08:00 to 18:00. The ASE1000/250h represents the
percentage of the environment area which is exposed to illuminance above 1000 lx,
referring only to direct solar radiation, for more than 250 h per year and is evalu-
ated together with the sDA300/50%. As for the designation of criteria, the value of
sDA300/50% should exceed 75% for a favorable performance or 55% for a nominally
accepted performance, whereas the exterior windows shall be modeled with interior
blinds or shades aiming at blocking the direct sunlight, considering the ASE1000/250h

should not exceed 2% of the analysis points of each window group adopted for the
climate-based daylight modeling (CBDM) simulation. These targets were based on
the preference of users of 61 offices, classrooms, and other environments, such as
libraries and lobbies, located between the latitudes mentioned above [3], that is, a
narrow context considering the wide application of the recommendations around the
world.

As previously mentioned, user satisfaction with a daylit environment, a parameter
employed to define the criteria of a metric, may be influenced by the factor loca-
tion and its derivatives [5]. In this respect, the branch of environmental psychology
that deals with the effects of the environment on behavior offers theoretical support
for this consideration, defending environmental perception as the fruit of personal
experience, based on the life experiences of an individual and, consequently, their
culture and social conditions [6]. From this perspective, researchers in the area of
environmental comfort recognize the influence of psychological factors, together
with adaptation, acclimatization, and expectation, as elements in the adjustment of
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the criteria of a metric due to location and the climatic or socioeconomic context
where it will be applied [7–9]. Such studies are more abundant in the area of thermal
comfort, although they can also be found in the area of daylighting.

Concerning luminous environments, there have been several attempts to charac-
terize user perception of the daylit area, considering different factors, but the location
(socioenvironmental context) was not a core factor in these studies. Many authors
have applied this approach to visual comfort, particularly when comparing the toler-
ance to the glare of subjects originating from different socioenvironmental settings.
In this regard, Pierson et al. [10] reviewed 11 studies, the majority of which found
evidence of the influence of this factor on user tolerance. However, in two cases, and
their results, the influence of location was not observed. Most of these studies were
conducted in locations above the Tropic of Cancer, in North America, Europe, and
Asia, an exception being the work of Pierson et al. [10], where the inclusion of Chile
brings a Latin American reality to this panorama.

As in the case of visual comfort, studies that address the perception of daylit areas
have mainly been made in the northern hemisphere above a latitude of 23.5◦. This
is highlighted by the fact that of the 17 host cities in studies where the methodology
was similar to that upon which LM 83-12 is based and/or involved the drawing of the
daylit area by the interviewees, only two cities are located below the Tropic of Cancer
(João Pessoa and Florianopolis), both in Brazil [1, 3, 11–15]. The former lies at the
latitude of 7.2◦S and the latter at 27.6◦S. In the study that included both of these cities,
13 environments in 11 schools of architecture located in 10 cities were evaluated. Of
these, only the results for the two Brazilian cities, along with Los Angeles andMiami
in the US, showed an underestimation of fully daylit areas (criterium DA300/50%)
by the users in comparison to the area obtained through simulation [1]. Although
the two aforementioned US cities are located above the Tropic of Cancer, they are
both significantly influenced by Latin American culture [16] and they are coastal,
as are the Brazilian cities. These characteristics suggest that the inhabitants of these
places would have a higher expectation regarding the daylit environment, influenced
by the lifestyle observed in these cities, where outdoor activities are encouraged due
to the coastal location and agreeable weather and/or sunny days are frequent during
the year.

The inherent subjectivity of the elements that affect environmental perception
makes the definition of metrics for building performance a challenging theme since,
to be useful, they must faithfully express user preferences. Since human beings are
at the core of the evaluation and the location directly influences their perception of
space, the metrics need to represent the preferences of the population where they are
employed. However, the indexes of LM 83-12 are applied worldwide through stan-
dards and certifications [17–19] based on the opinions of a specific population, whose
sociocultural and climatic reality differs from those found in the southern hemisphere,
where most nations are developing countries located in warm climates. Therefore,
to promote improvements in the environmental comfort of buildings located in these
regions, the perception of the local populations needs to be represented, to evaluate
the need for adjustments to the metrics, as occurs with adaptative thermal comfort
[8, 9].
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In this context, the application of a research protocol, similar to that which origi-
nated the LM 83-12, to four environments located in Florianopolis, Santa Catarina,
Brazil, is described herein. Two rooms chosen were in the same building where the
room used by Reinhart et al. [1] is located, one of them similar in terms of architec-
tural characteristics and use, and two rooms were located in another building on the
same university campus. The aim was to verify whether previous results could be
repeated or if new evidence would appear.

2 The Investigation Method

Analogously to the process that LM 83-12 [4], described by Heschong Mahone
Group [3], originated, this study included a field survey for data collection followed
by climate-based daylight metrics simulations. The results obtained from these two
stages were then compared. However, after the consolidation of the LM 83-12 [4],
the analysis of the metrics was focused only on the criteria of the norm and the
evaluation of the differences of perception, taking into account the factor location.

The data collection encompassed the definition of the study sample, the site selec-
tion, and a survey involving experts and occupants. The survey was carried out in
November and December within the course subject “Daylighting in the built envi-
ronment” (PósARQ 1307), offered by the Graduate Program in Architecture and
Urbanism (PósARQ) at the Federal University of Santa Catarina (Universidade Fed-
eral de Santa Catarina—UFSC).

The group of experts comprised seven master’s degree and doctoral students,
familiar with the theme and having previously attended classes on the method
employed by Heschong Mahone Group [3] and the content of LM 83-12 [4], with
special attention given to the topics presented in the “Discussion” charts. The multi-
disciplinary group included five architects, amechanical engineer, and a psychologist
and it was subdivided into three groups for the evaluation of the four environments:
two offices and two classrooms. The computational stage adhered to that described
in LM 83-12 [4].

2.1 Study Sample and Site Selection

The two classroom environments, identified as Ateliê 301 and LabMicro, are located
in the Department of Architecture and Urbanism and the two office environments
were the research laboratories named Gtec and Gestcon, located in Building B of
the Department of Civil Engineering, all situated on the main campus of the Federal
University of Santa Catarina (UFSC).

The buildings are less than 500m from each other, but show divergences regarding
the solar position, characteristics of the openings, solar protection elements, optical
properties of surfaces, and architectural features, as summarized in Fig. 1.
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ATELIÊ 301 LABMICRO GTEC GESTCON

Story
3rd floor Mezzanine of 3rd 

floor
2nd floor 2nd floor

Area 60 m² 40,60 m² 33,44 m² 45,22 m²

Openings

Southwest:

2 x (2.2m x 2.6m)

Northwest:

2 x (11m x 2.6m)
Note: Mezzanine with 
zenithal lighting.

North:

3 x (1.1m x 1.1m)

Zenith: 

1 x (4.7m x 1m)
Note: horizontal 
brise-soleil to the 
south - light shelf.

Southeast:
3 x (1.9m x 1.1m)
3 x (1.9m x 0.6m)

Northwest:
4 x (1.9m x 1.1m)
4 x (1.9m x 0.6m)

Solar 
protection /

obstruction

Concrete brise-soleil on 
the northwest and 
southeast openings

Concrete brise-
soleil and film on 
the north openings

Concrete brise-
soleil  

Concrete brise-
soleil  

Plant mass with high 
canopies on the northwest 
openings

-
Plant mass and 
building next to 
openings

Plant mass next to 
openings

Fig. 1 General characteristics of the environments selected for the study

The survey of the space conditions was based on the survey forms given in
Appendix A of Heschong Mahone Group [3], A-3 Building Survey and A-4 Space
Survey in addition to the protocol of daylight measurement established by the Brazil-
ian standard ABNT- NBR 15215-4 [20]. The questionnaires adopted were based on
the survey forms of Appendix A given in Heshong [3], that is, A-1 Occupant Sur-
vey and A-2 Expert Survey. The first contains 25 questions that aim to characterize
the “point-in-time” conditions of daylighting, according to the user perception and
personal satisfaction with that space (See Table 1).

The second questionnaire contains 54 questions approaching daylighting from a
broader prospect, seeking to identify the annual performance. The original question-
naires of Heschong [3] were modified as follows:

• A question about the reason for the operation of the blinds was included (6);
• In questions 9 and 10, a request to explain the answer given was added;
• Question 19 was removed since the users considered it the same as question 20;
• A question about the user’s motivation to work in that environment was included;
• The optional descriptive questions were removed, except question 25 of Heschong
[3], where question 24 was adapted to be answered on an agree-disagree scale;

• The scale with nine options from “totally disagree” to “totally agree”, including
the option “n/a” (also represented by numbers) was reduced to five options and the
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Table 1 Questionnaire applied to determine user satisfaction
Section N Question

Characterization 01 Today’s date (day, month, year) Personal
of the sample (original Q.01) characterization,
group 02 Your age (yrs) (original Q.02) location, operation,

03 What are the weather conditions right now? (original Q.03) and time of use of each
04 About how close are you to a window with a view? (original

Q.04)
environment under study.

05 If this room has windows with blinds or curtains, overall right
now are they? (original Q.05)

06 Why do you operate the blinds or curtains? (additional
question added by the authors)

07 For about how long have you been using this room? (original
Q.06)

08 When you come here, how many hours per day do you gener-
ally spend in this space? (original Q.07)

User perception 09 I enjoy being in this room (original Q.08) Response varies in
10 I find this room visually attractive (original Q.09) the range:
11 Temperature in the room is always comfortable 1. Totally disagree,

(original Q.10) 2. Disagree,
12 Noise level in the room is always comfortable (original 3. Neutral,

Q.11) 4. Agree,
13 I like the view I have from the window (original Q.12) 5. Totally agree
14 I think the view out the window(s) is big enough (original

Q.03)
15 I am happy with how the blinds (or curtains) operate (original

Q.14)
16 The lighting conditions are always comfortable (originalQ.15)
17 The electric light in this room is always sufficient (original

Q.16)
18 The electric lights are never too bright (original Q.017)
19 I can work happily in this room with SOME of the electric

lights turned off (original Q.19)
20 The daylight in this room is always sufficient (original Q.20)
21 The daylight in this room is never too bright (original Q.21)
22 I am able to domywork here without any problems from glare

or troubling reflections (original Q.22)
23 I feel motivated in this room to do my job (additional question

added by the authors)
Open questions 24 If you could make any changes, how would you improve the Discursive

visual conditions in this room? (original Q.25) response
25 Draw the daylit area (additional question added by the

authors)
Draw

Source Adapted from Heschong Mahone Group [3]—Occupant Survey

numberswere replaced by text as follows: “totally disagree”, “disagree”, “neutral”,
“agree” and “totally agree”.

Minor changes were made to the specialists’ questionnaire, implementing just
the changes made to the user satisfaction questionnaire. The instructions for the
space and building survey were kept when they applied to the place of study. Thus,
the environments were kept as found, except for the artificial lighting, which was
switched off whenever possible. Visits were arranged to cover different times and
days with varying sky conditions.
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Fig. 2 Example of the drawing synthesis process (Gestcon Nov. 18th—morning)

For question 25, the floor plan of each room was provided so that the user could
draw the daylit area according to their perception, as carried out in the studies byHes-
hong [3], Reinhart et al. [1], Nezamdoost and Wymelenberg [14], and Rizzardi [21].
For each environment, the drawings were digitalized, superimposed, and analyzed
as a function of the average of the drawn area, according to the percentage obtained
from the evaluations [1]. Thus, the areas were classified as “non-daylit areas” when
they represented less than 25% in the drawings, “partially daylit area” for results
between 25 and 75%, and “fully daylit area” for over 75%, as shown in Fig. 2.

2.2 Climate-Based Daylight Metrics Simulation

The simulations were carried out in the modeling plug-in DIVA-for-Rhino [22] with
the aid of the EnergyPlus Weather file EPW-SWERA [23]. Details on the simulation
parameters have been previously reported [24].

The evaluation parameters considered for sDA were the target values proposed
in LM 83-12, which considers acceptable a situation where sDA300/50% is achieved
in at least 55% of the floor area and is preferable when it occurs in more than 75%
of the area. For ASE1000/250h, the value of 10% was employed, as stipulated by the
LEED V.4 certification [18], since this adjustment was made after it was identified
that the original limit of the LM 83-12 [4] (up to 2% of the floor area) is excessively
restrictive. This should be revised in the next version.
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3 Occupant Assessments and Daylight Metrics

A total of 132 questionnaires were applied to individuals, mostly between 20 and 30
years of age (86%), with 13% aged over 30, and 1% under 20. The climate conditions
were mainly divided into days with cloudy sky and/or rain (46%) or clear sky with or
without direct sunlight (47%). The four selected environments have windows with a
view outside and it was noted that regardless of the solar direction, people preferred
to sit next to the openings, with 60% seated at approximately 1.5 m and 35% between
3.0 and 4.5 m away from the windows. The curtains were reported to be totally open
in the Ateliê and Gestcon rooms, 25% closed in Gtec and 75% closed in LabMicro.
The main reason given for operating the curtains was related to either an excess or
lack of lighting in the rooms (85% of answers). One of the hypotheses raised in
this study is related to user behavior in semipublic spaces and attempts to verify
whether or not the individuals under study were active. Thus, a correlation between
the answers to “Q6—Why do you operate the blinds/curtains?” and “Q22—I can
work without glare problems” was sought. The hypothesis would be confirmed if the
individuals who reported that glare posed a problem in Q22 operated the curtains
due to lighting issues. With the application of the chi-squared test, the association
between the variables was confirmed.

In the second part of the questionnaire, the responses “totally agree” and “agree”
were considered as positive aspects, and “totally disagree” and “disagree” as negative
aspects. Thus, the LabMicro room was associated with the greatest dissatisfaction,
with negative evaluations amounting to 60%, followed by the Ateliê (33%), Gestcon
(20%), and Gtec (18%), as shown in Fig. 3.

Aspects observed from the drawings provided in response to question 25 included
the influence of visual adaptation and the contrast in the representation of the daylit
area by the respondents. The adaptation was perceived through both excess and lack
of daylighting. In the Ateliê, where the sDA obtained through simulation was 100%
of the area, the occupants identified non-daylit areas while the measurements indi-

Fig. 3 Summary of responses to questions 9–23
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cated illuminances between 400 lx to 2000 lx. Reinhart et al. [1] attributed this to
the marking of daylighting by contrast, which occurs for fully daylit spaces. The
architectural particularities of the rooms in the building belonging to the Architec-
ture Department should be noted since the reflectance of the surfaces is high and
the average illuminance of the environments is usually higher compared with other
buildings. Besides Reinhart et al. [1], Rizzardi [21] also carried out a similar study in
this building, in addition to an environment in the Integrated Physical Space (Espaço
Físico Integrado—EFI) building a little over 500 m away.

As a result, a correlation with sDA500/50% was found for the room in the Architec-
ture Department while the environment of the EFI building was more closely related
to sDA300/50%, analogously to the values proposed by Reinhart et al. [1]. Regarding
the results presented herein, the best correlation would be for sDA750/50%.

The Gtec room, for which the simulated sDA was 16%, showed a large variation
in the illuminance withmaximum values of 400 lx onNov. 18th, during a sunny after-
noon, and 70 lx on Nov. 17th, during cloudy conditions at dusk. This did not interfere
with the evaluation of the respondents since, in general, the areas partially and totally
daylit covered from 1/3 to 1/2 of the room area. The measurements indicated values
close to 100 lx as the limit between partially daylit and non-daylit, corresponding to
the value found by Nezamdoost and Wymelenberg [15], who attributed these values
to the age of the occupants, being mostly young individuals as in the case of this
study. Another aspect that may be related to this tolerance for lower illuminances is
the predominant activity conducted in the environment since Labmicro and Gestcon
reported similar preferences and the main activity was the use of computers. These
environments showed a stronger relation with sDA200/50% and the Labmicro with
sDA500/50%.

As observed in the results reported in Fig. 4, only Gtec did not exceed the limit
established in the LEED V.4 [18] for ASE1000/250h (10% of the area). The results
for the other rooms, where values were found to be excessive, corroborate the user
perception, since the questions related to glare had high percentage scores, indicating
discomfort and with most points having results above 1000 lx coinciding with the
location of the work plans of the rooms.

Based on the questionnaires, it was also noted that 100% of the respondents in
the Ateliê indicated that they were seated up to 4.5 m away from the windows, and
for the LabMicro this value was 70% of the sample.

The results for the Gestcon, despite indicating a high probability of glare, do not
conform to the user evaluations, because discomfort due to excess glare was not
reported. However, the results are consistent with those for sDA, since one of the
negative indexes elucidated refers to daylight insufficiency.

The disadvantage observed in the evaluations for Gtec is mostly related to insuf-
ficient daylight in the environment, which coincides with the low result for the sDA
and the null value for the ASE.
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Fig. 4 Summary of drawings and computational simulations

4 Discussion

Barriers to environmental comfort in the Global South, addressed in this chapter, are
associated with the adoption of criteria for the evaluation of daylight performance
based exclusively on surveys conducted with people from the Northern Hemisphere.
The results of this study were not conclusive on the need to restrict this general-
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ization to the criteria of the IES LM-83-12 [4]. However, they indicated a possible
cultural influence on the behavior of individuals regarding the operation of blinds
in semi-public places. In the former, the results showed that the occupants’ prefer-
ences appeared to be more strongly related to architectural solutions and their effects
on the visual perception of individuals than to sociocultural and climatic aspects.
This is because of the different architectural strategies employed in the rooms, com-
bined with the visual adaptation capacity of the occupants that led to the differences
since the two buildings are located on the same campus and presented very different
responses for daylight sufficiency but more similar responses for glare. Thus, the
hypothesis regarding coastal lifestyle could not be proved. In the latter, the question
on the adjustment of blinds revealed an association between the operation pattern
and visual comfort, indicating that users are active in semipublic places. The hypoth-
esis of a cultural influence on the device activation profile in shared spaces, which is
important for post-occupation characterization and to develop algorithms for building
systems – operation, therefore needs to be investigated in greater depth.

5 Conclusions

This chapter discussed the daylighting preferences of occupants of buildings situated
in socioenvironmental contexts that differ from those that originated the IES LM
83-12 performance metrics. It was concluded that although the sufficiency metric
criterion is not representative of the respondents’ preference, the discrepancy is
not related to the local factor. The fact that the observed disparity is related to the
architecture and the observer questions the effectiveness of the metrics.

However, in the absence of more precise references and their worldwide accept-
ability, such criteria are useful as a starting point to characterize daylighting per-
formance in the Global South, although this does not rule out the need for further
studies in this field and even for the reassessment of metrics.
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Daylighting Design Strategies for Office
Spaces in Different Chilean Climates

Cecilia Palarino-Vico and María Beatriz Piderit-Moreno

Abstract The chapter discusses the optimization of daylighting strategies to achieve
visual comfort in side-lit office spaces. Glazed facades are commonly used in the
designof office buildings,where direct sunlight causes visual glare, and the prolonged
use of dynamic user-operated shading devices reduces daylighting and blocks the
view outside. Visual comfort at the use stage depends on early design decisions
appropriate to each context to maximize uniform daylight indoors and control glare
risk. Thismay be a challenge in extensive territorieswith great variability of prevalent
skies and daylight availability. The research was carried out in an experimental office
space prototype, analyzing daylight strategies in three Chilean cities with different
climate conditions. They were evaluated using the climate-based daylight modeling
method and validated with the dynamic daylightingmetrics in sustainable codes. The
chapter provides a selection of daylighting strategies suitable for different climates.
It illustrates the daylight performance regarding illumination level and the potential
glare control to achieve visual comfort for the occupants.

Keywords Daylighting · Side-lit office · Daylight strategies · Design
optimization · Daylight performance

1 Introduction

Office buildings often have glazed facades to capture the maximum daylight in side-
lit office spaces with limited daylight potential. For instance, research in Santiago
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Table 1 Summary of daylight parameters and target values [7]

Daylight metrics Acceptance Preference Source

sDA 300 lx, 50% 55% of the area 75% of the area [5]

ASE 1000 lx, 250 h 20% of the area 10% of the area [5]

UDI-c 100 lx to
3000 lx

80% occurrence Non-specified [6]

UDI-e > 3000 lx Non-specified Non-specified [6]

de Chile showed that the fully glazed façade is the city’s predominant type of office
building [1]. Its use has become widespread in all locations and climates. However,
in some contexts, overexposure produces high ranges of illuminance, glare, and
contrasts, affecting the occupants’ visual comfort. Continued and unplanned use of
user-operated dynamic sun shading devices affects daylight illumination levels and
the view out. These two parameters help create healthy environments and benefit the
productivity of the occupants [2, 3].

Daylighting design strategies optimized for the building context are a valuable
opportunity to use available resources effectively. The approach should be balanced to
achieve adequate daylighting, around 500 lx for workstations with computer screens
[4] while controlling potential visual discomfort and taking advantage of views out-
side. The objective here is to answer the question, what are the most effective strate-
gies to meet daylighting expectations in side-lit office spaces in different climatic
contexts regarding prevailing sky and daylight availability?

The chapter proposes daylighting strategies in three climatic contexts in Chile,
representative of conditions with different requirements. The lighting performance
of the strategies is analyzed through dynamic daylighting metrics in the sustainable
codes, which integrate the evaluation of daylight provision and potential glare pre-
diction into a combined approach, shown in Table 1. Spatial Daylight Autonomy
(sDA) measures the minimum requirement of 300 lx, at least 50% of the operat-
ing hours, analyzed with Annual Sunlight Exposure (ASE), which measures the
maximum requirement of 1000 lx for 250h over the course of a year to control high
illuminances [5]. Furthermore, theUseful Daylight Illuminance (UDI)measures illu-
minance in a range between 100 lx and 3000 lx, considering autonomous between
300 lx and 3000 lx, and over-lit when it exceeds 3000 lx [6].

The evaluation is made using climate-based daylight simulation (CBDM), with
the DIVA plugin for the Rhinoceros 3D NURBS modeler, which uses a Radiance
ray tracer to simulate illuminance distributions [8]. The light scene is built with an
architectural 3D model and a climate file (energy plus weather) for each location to
conclude the effectiveness of the design criteria applied.



Daylighting Design Strategies for Office Spaces in Different Chilean Climates 257

2 Daylighting Design Strategies

The research focuses on strategies for catching, transmitting, distributing, and con-
trolling daylight. Table 2 summarizes design recommendations developed by leading
entities in advanceddaylighting and energydesign.The recommendations guide deci-
sions on building shape, openings, and interiors to define the experimental prototype
(See Fig. 1) and solar devices for optimizing each climate.

The experimental model is an office prototype of 84 m2. It is characterized by
a square floor plan with 9.15 m sides (maximum distance from the occupant to the
façade to provide daylight and views of the exterior). The ceiling has a height of 3.0m
which increases to 3.35m near the façade to enhance daylight capture and reflections.
The opening is north-oriented, with an area of 12 m2, in the central position of a wall
area of 30.6 m2. It determines a window-to-wall ratio (WWR) of 40%, according
to the energy criteria guided by ASHRAE. The opening is 5.0 m wide and divided
into two sections: an upper opening for daylighting (Daylight Window) and a lower
opening for exterior views (View Window). The opening starts at 0.8 m to provide
views outside from the seated position of the occupant.

3 Optimization of Daylighting Strategies in Three Climatic
Contexts

Given the wide spectrum of daylight and sky variations, a detailed site analysis of
the Chilean climatic context is carried out by looking at the Köppen–Geiger climate
classification, average temperatures (T◦ Avg.), and frequency of skies: overcast,
intermediate, and clear using the ASRC-CIE model [12, 13]. The cities of Calama
(22◦28′0′′S, 68◦55′60′′W), Santiago (33◦27′0′′S, 70◦40′25′′W), and Puerto Montt
(41◦28′18′′S, 72◦56′23′′W) show three different conditions described in Table 3.

3.1 Strategies for CIE Predominant Clear Sky (Calama)

The city ofCalama requires solar shading strategies throughout the year. The proposal
applies a fixed external shading device of horizontal louvers 10 cm apart, which
effectively obstructs solar angles (89◦ sum., 44◦ wint.) and provides views of the
exterior. The material of the louvers is permeable to daylight transmission, with a
50% perforated surface, distant from the opening to create a ventilated gap to reduce
the radiant temperature. Simulation results show a uniform daylight pattern with
acceptable visual comfort thresholds in Fig. 2.
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Table 2 Design criteria for side-lit office spaces [7]

Building components Source

Building form

Geometry/Floor Plan [1, 3]

- Distance of occupants from façade 9.15 m (max.)

- Regular occupied areas distance from façade 4.55 m > 40%

- Occupied areas distance from façade 6.0 m > 75%

- Maximum floorplan depth without the use of skylight 18.2 m

Geometry/Height [1]

- Ceiling height (min.) > 2.75 m and in public spaces >3.10–3.65 m

Orientation [1, 3]

- Dominant orientation north–south facades within 15◦

- Prioritize floorplans extension towards the east–west

Fenestration

Wall–window ratio [1, 3]

- WWR (20%–1%)—Preferred north/south

Window distribution [9–11]

- View Window (VW) + Daylight Window (DW)

- VW height: from 0.75 m up to 1.80–2.20 m; from floor overcast sky

- DW height: up to the ceiling (2.20–3.35 m)

Glazing (Visible light transmission—VT) [9–11]

- Windows in general VT −0.6/0.7

- Daylight Window VT > 0.6/0.7

- View Window VT < 0.6/0.7 (also east/west façade)

- Avoid reflective or tinted glass

Devices

Daylight [9–11]

- Light shelves/Reflector devices/Diffuser screens/Light guiding shade

Fixed shading [9–11]

- Horizontal: Overhang/Louvers/Multiple blades/Vertical panel

- Vertical: Façade screens/Brise-soleil/Vertical fins/Slanted vertical fins/in colder cli-
mates or overcast sky perforated materials

Dynamic shading Internal [9–11]

- Roller blinds/Venetian blinds/Curtains/Vertical louver blinds

Interiors

Program zoning [9–11]

- Open-plan office: north/south prior orientation, primary daylighting area

- Circulation: Between workstations at the end of daylighting area

- Private office: east/west prior orientation, glazed walls parallel to the façade

(continued)
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Table 2 (continued)

Building components Source

Partitions [10]

- Workstation partitions h < 1.2 m and parallel to the window

- Panels perpendicular to window (h > 1.2 m), translucent panels (h > 1.65 m)

- Prior perpendicular orientation of user to window

Reflectance (LVR) [10]

- Light reflectance values (LRV) 80% ceiling—50% walls—20% floors

- Avoid the “cave effect” with high LVR in the perimeter zone

- Increase LVR of daylight surface devices

Fig. 1 Prototype office model [7]

Table 3 Characteristics of the case studies

Cities Köppen
Geiger

T◦max
Avg. (◦C)

T◦min
Avg. (◦C)

Frequency (%) of CIE sky

Clear (%) Cl. Turb.
(%)

Interm.
(%)

Overcast
(%)

Calama BWk 24.1 5.1 50 23 16 11

Santiago Csb 29.8 11.4 19 22 30 29

Puerto
Montt

Cfb 19.6 9.4 10 12 32 46



260 C. Palarino-Vico and M. B. Piderit-Moreno

Fig. 2 Optimized façade strategies and illuminance distribution in Calama

3.2 Strategies for CIE Predominant Intermediate Sky
(Santiago)

The city of Santiago requires mixed winter–summer strategies. The aim is to capture
passive solar gain in winter when overcast skies predominate and low overheating.
Overhangs are applied to the outside of openings to effectively control the sun in
summer and at the equinoxes. In addition, the visual window has fixed exterior
horizontal slats spaced at 10 cm to protect the desk from direct sunlight in winter.
An interior lighting shelf increases and redirects the light to improve reflections and
prevents glare at desks. Simulation results show a uniform daylight pattern with
acceptable visual comfort thresholds Fig. 3.
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Fig. 3 Optimized façade strategies and illuminance distribution in Santiago

3.3 Strategies for CIE Predominant Overcast Sky (Puerto
Montt)

The city of Puerto Montt requires passive solar gain strategies during most of the
year due to low temperatures and the frequency of overcast skies in winter and at
equinoxes. A horizontal overhang is planned to control solar radiation in summer.
However, dynamic devices (translucent curtain type) are also necessary to regulate
sunlight on the work plane during short periods of the year. Due to the limited
availability of daylight, internal reflections are enhanced by increasing the reflectance
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Fig. 4 Optimized façade strategies and illuminance distribution in Puerto Montt

of materials. Simulation results show a uniform daylight pattern with acceptable
visual comfort thresholds in Fig. 4.

4 Results

The dynamic simulation analyzes the experimental model to establish the base light-
ing performance in the three locations, shown in Fig. 5. Daylight availability metrics
achieve satisfactory illuminance levels, meeting the thresholds of sustainable codes.
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Fig. 5 luminance distribution maps sDA & ASE and UDI range, three climates

However, high illuminance (>1000 lx) for prolonged periods (>250h) is a constant
because the models do not have devices that are appropriate for the climatic contexts.
Solar control designs are important to reduce high illuminances, and the results show
that the strategies proposed in Section 3 satisfactorily achieve the objectives defined
according to the needs of the different contexts.

InCalama,with clear skies andhot temperatures, the daylight performance reaches
sDA69%andASE24%.The optimization achieves sDA56%andASE10%,meeting
the LM-83 code requirement. In addition, the optimization improves the UDI-c by
91% (base performance UDI-c 88%), meeting the PSBP requirement. Regarding
the range segments, it achieves an autonomy UDI-a 50% and over-illumination in
the area near the window at 3%. Sunscreens regulate high illuminances and play a
fundamental role in climates with high solar presence.

In Santiago, with intermediate sky and temperatures, daylight performance
achieved sDA 72% and ASE 34%, and then with the optimization, achieves sDA
55% and ASE 6%, complying with the LM-83 code requirement. The case presented
the most accentuated sun exposure. However, sunscreens show effective sunlight
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regulation. In addition, it increased the UDI-c value to 86% (the base performance
was UDI-c 81%), meeting the PSBP requirement. Regarding the range segments, it
achieves a UDI-a of 49% and over-lighting in the nearby window area of 2%.

In Puerto Montt, with an overcast sky and cold temperatures, the initial daylight
performance was sDA 65% and ASE 29%, decreasing to sDA 57% and ASE 22%.
Compliance with LM-83 is conditioned because ASE exceeds 20%. The high illumi-
nances respond to the projected passive gain strategy, designed for a predominantly
overcast sky. The values indicate the need for user-operated dynamic shades. On
the other hand, UDI-c 73% is below the 80% required by PSBP, which is explained
by the low daylight availability from the overcast sky. Regarding the UDI range, it
achieves a UDI-a of 46% and over-lighting in the nearby window area of 6%.

5 Discussion

The results demonstrate that integrating passive strategies can balance illuminance
levels and high illuminance control. The dynamic metrics used to evaluate daylight-
ing performance show that the results are close to the required thresholds defined
by the codes for occupant visual comfort. The evaluation method and daylight met-
rics applied are widely used. They were developed in the Northern Hemisphere,
established in sustainable standards, and are the reference for developing standards
applied in the Southern Hemisphere. The results show that compliance with the light-
ing performance of the optimized designs is achieved in two of the three climates.
In latitudes and overcast climates such as Puerto Montt, the illuminance values do
not meet the illuminance range or threshold requirements.

Studies have concluded that the lighting environment of a location influences
people’s tolerance to illuminance levels [14]. This suggests that matching thresholds
to sky conditions would be more useful for users than the standard. And there is
research such as that of Marins et al. [15] that shows that light levels traditionally
considered low are perceived as sufficient by people between 150 and 300 lx [16,
17] and that there is no consensus among researchers about which metric and which
illuminance and time ranges, limits, or thresholds, best describes people’s perception
of light sufficiency [18]. Therefore, the authors assume that the strategies applied in
this climate are valid and effectively optimize the model.

6 Conclusions

The review of three cities in Chile with different sky conditions shows that the
requirements vary in each location depending on the availability of daylight and the
incidence of sunlight. Regarding design criteria for climate optimization, there are
enough works focused on passive strategies. This work allowed testing their appli-
cation in different sky conditions in Chile, selecting the most important strategies,
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classifying them, and organizing them in a checklist for easy application by design-
ers. The key aspect to optimize the criteria was observing how the strategies impact
the amount and distribution of daylight in the space through the CBDMmethods, and
the UDI, SDA, and ASE metrics. It puts into perspective the need to reflect on the
most appropriate thresholds to evaluate such large and variable territories concerning
daylight availability for validating the designs.
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Circadian Stimulus Potential in Offices
with Artificial Lighting

María Beatriz Piderit-Moreno and Cecilia Palarino-Vico

Abstract Several research projects have revealed the importance of circadian light
in the health and well-being of people. Most of these studies have been carried out in
extreme regions, with a lack of daylight. However, this has led to greater awareness
of the non-visual effects of light and the importance of lighting designs that consider
principles that generate circadian activation in all contexts, including the Global
South. The main objective of this chapter is to analyze the lighting conditions and to
know the circadian stimulation potential for offices that lack windows for daylight
and are only illuminated with artificial lighting, where a low circadian impact is
assumed. The results indicate that in offices that were not intentionally planned to
comply with the characteristics of the circadian stimulus, it is not possible to achieve
it just by having lamps with a color temperature between 3000 to 6500K, but it is
necessary to have horizontal illuminance levels above 300 lx and evaluate the vertical
illuminance that the occupant has, when designing. It is necessary to move towards
a more integrated design, focusing on workplaces without access to daylight.

Keywords Circadian stimulus · Artificial lighting · Office spaces
1 Introduction

Light plays a fundamental role in our visual, physiological, and behavioral health.
Science has shown that illumination perceived in the retina, positively affects human
physiological cycles and allows maintaining the synchronization of the circadian
cycle. The circadian system is responsible for regulating internal biological rhythms,
controlling significant functional and behavioral aspects of the human being such
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as the sleep–wake cycle, beats per minute, core body temperature, and hormonal
secretion and suppression, that affect the state of awareness, mood, and melatonin.
These aspects are part of what is known as the non-visual effects of light and are
affected by the amount of light we are exposed to in our lives, demonstrating that
when there are insufficient levels of light, there are adverse effects on people’s health
and performance.

Knowledge about the circadian stimulus and health has meant a greater level of
awareness in lighting design, mainly because it implies different design goals than
those traditionally considered. While the traditional approach sees visibility, glare,
contrast, and the appearance of a space, the circadian stimulus affects factors like
exposure time, illumination level, and the light spectrum a person is exposed to. Like-
wise, the circadian stimulus involves different assessment methods and metrics that
consider other factors, like the vertical illuminance measured from the point of view
of the observer, to analyze the amount of incident light on the retina which activates
internal physiological processes to suppress melatonin. However, even though inter-
est in the circadian stimulus is growing within the plane of knowledge, in practice,
design continues to work on meeting minimum lighting levels through horizontal
illuminance on the work plane, without considering a global analysis that includes
parameters to cover both the visual and non-visual effects. Facing this, it is felt that
in indoor spaces, there are no suitable lighting conditions to guarantee a circadian
stimulus for occupants, especially in spaces that do not have windows that provide
sufficient daylight on the retina.

The main goal of this work is to analyze the lighting conditions of offices that do
not have windows to provide daylight, and that are solely lit by artificial lighting,
and to get to know their circadian stimulus potential, assuming as a hypothesis that
the occupants of these spaces have a low circadian stimulus. The research highlights
aspects of effective lighting for people’s health and well-being in indoor spaces,
through circadian stimulus.

2 Circadian Lighting in Office Spaces

Daylit indoor spaces provide greater benefits for users in regulating their circadian
rhythm, leading to better health, mood, and sleep cycles [1]. According to a study
made by Boubekri et al. [2], occupants of windowless indoor spaces state having
shorter and lower quality sleep compared to occupants of naturally lit spaces. Other
research shows that the increase in daily light exposure [3, 4], and at levels above 1000
and 2500 lx, improve the quality of sleep the following night, benefitting circadian
synchronism [5]. Apart from suppressing melatonin, daylight is responsible for the
production of serotonin (the happiness hormone), which regulates mood, pleasure,
and well-being [6], and for the production of cortisol (stress hormone).

In the work setting, exposure to daylight (>10000 lx) for at least 3 hours can
reduce job stress and dissatisfaction [7, 8]. A direct impact on mood and depression
has also been shown [6, 9].
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Despite these benefits, it is not always possible to have daylighting, and work-
placeswithout daylight are common. In lengthy shifts, the lackof exposure to daylight
can be significant, leading to circadian desynchrony. Therefore, artificial lighting
should have similar characteristics to daylight, to simulate the physiological effects
of circadian stimulation for office occupants. Factors such as intensity, light spec-
trum, and color temperature (CCT) of the lamp have a great impact. In addition,
where possible, dynamic (or circadian) lighting should be preferred over traditional
static lighting.

However, often there is neither the technology nor the means to have it. Research
has shown that considering a light source with cold white CCT (4000 K), where
there is high illuminance (1000 lx), a state of greater awareness and physiological
excitation is created compared to one with low illumination (200 lx), and therefore,
a better performance [10]. In addition, the color temperature also has an impact.
Both Boyce [11] and Chellappa et al. [12] found that light sources with a high
blue light content, around 6500 K, increase the state of awareness and the cognitive
performance of occupants compared to ones with lower values.

2.1 Quantifying Circadian Stimulus Potential

Threemetrics quantify the non-visual effects of light onhumans: theCircadianAction
Factor, the Circadian Stimulus (CS), and the Equivalent Melanopic Lux (EML).
In this research, the circadian stimulus model provided by the Lighting Research
Center (LRC) is used. The latter has taken on a key role in the field of lighting
design for buildings [13]. The CS metric represents the effectiveness of light in sup-
pressing melatonin and is based on the human circadian phototransduction scientific
model, which combines melatonin suppression with an estimation of photoreceptor
responses (of the eye’s cones and rods), to change the light signals into neural sig-
nals for the circadian system [14]. Thus, to estimate whether a lighting system will
provide a suitable CS, the distribution of the spectral irradiance of the light on the
cornea is estimated, by the so-called Circadian Light (CLA).

Figure 1 shows the absolute sensitivity of the human circadian system, repre-
sented as an irradiance spectral distribution, which shows that on facing a higher
illuminance level (lx), melatonin suppression increases and the circadian stimulus
(CS) is proportionally higher [15]. CS is a measure of the effectiveness of retinal
light stimulus for the human circadian system, which ranges from the CS threshold=
0.1 (unmeasurable suppression) to CS saturation= 0.7 (70% suppression). Research
has shown that exposure to CS of 0.3 or more for the eye, for at least 1 hour at the
start of the day, is effective to stimulate the circadian system; and at least 2 hours
to improve sleep quality, mood, and state of awareness, as well as to reduce worker
stress [5, 15].

The Lighting Research Center (LRC) at Rensselaer Polytechnic Institute, devel-
oped a tool for calculation, the “CS calculator” [17], which is applied in this study.
This allows determining CS and CLA values and selecting the illumination levels
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Fig. 1 Human Circadian System Sensitivity. Adapted from [16]

Table 1 Calculation tool entry variables

Sources Lamp and CCT to select the available sources
in the CS calculator

Illuminance Vertical illuminance value in lux

Biological Input Variables (Optical Density) The human retina differs quite substantially in
the optical density of its muscular pigment,
which can range from 0.3 to 0.7, but the
original model assumes a single optical density
of 0.5 for all individuals

and light sources to increase the efficiency of circadian light exposure in buildings.
The calculator provides values for different light sources, calculating CS values for
light source spectrums supplied by the user. The entry data for the calculation is
presented in Table 1.

3 Evaluation of Circadian Stimulus in Artificially Lit
Offices

For the study, theworkspaces in the offices ofUniversidad delBio-Bíowere analyzed,
selecting a part of the administrative building in Concepción, Chile. The general
lighting conditions of the offices in the building considering the floor plan, determine
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that 52.95% of the office surface has access to daylight. Thus, 47.05% is lit just by
artificial light. From this area, 9 offices were evaluated.

There are 39 workstations, as can be seen in Fig. 2. The lighting conditions with
a lack of windows and with artificial lighting imply assuming that these premises fit
the hypothesis of having low circadian potential.

The analysis methodology consisted of making a photographic survey with a fish
eye lens while making horizontal illuminance (Eh) measurements on the work plane,
as well as vertical illuminance (Ev) measurements at the height of the observer. The
types of lighting are characterized by the correlated color temperature (CCT).

4 Results

Table 2 shows the data and CS calculation of 30 workstations, as the most represen-
tative ones, although the results were analyzed based on 39 workstations. Overall, it

Fig. 2 Workspace distribution, UBB administration building
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Fig. 3 Lighting conditions of the Systems Development and Billing Departments of Universidad
del Bio-Bio Administration area

is seen that just 15% of them (6 workstations) reach a CS > 0.3, which is why 85%
of the people face lighting conditions that do not favor circadian stimulus.

For color temperature, the CCT of the lights in all the workstations is between the
extremes typically considered for office environments (3000 and 65000 K). As for
the illumination levels, 72% of the workstations do not reach horizontal illuminance
levels, Eh > 300 lx, required in offices as per the recommendations of EN 12464-1
[18].Thevertical illuminance is variable,withhigher levels at theworkstations,where
Eh> 300 lx. On the other hand, a relationship betweenEv andEH is seen, finding that
when Ev:Eh is relatively high (0.65:1, according to [19]), the CS values are higher,
although this does not mean that target values are reached.

In this sense, in workstations located in the same office, and thus under the same
CCT condition (6500K), a higher CS is perceived where the horizontal illuminance
(Eh) is higher. This is the case of the Systems Development Department, which has
values of CS 0.366 with Eh 455 lx, and CS 0.321 with Eh 370 lx.

It is also seen that in some stations, despite having Eh 230 lx < 300 lx, the Ev
is 215 lx and there is an Ev:Eh ratio of 0.93 < 0.65 m, and with this, a circadian
stimulation of CS 0.308. In the Billing Department, circadian stimulation is not
reached in any of the five workstations, and the results vary between CS 0.072 and
CS 0.195. Although in two of the five stations, the Eh is 460 lx and 447 lx, and the
CCT is 3000K (of warm type light), this is not enough to reach circadian stimulation.
However, it is seen that at theworkstationwhere theEv:Eh ratio is 0.94 (i.e.,>0.65:1),
the CS value is higher than on the others, although it is still a long way below the
target value of CS > 0.3.

Figure 3 shows the visualization of lighting in the Systems Development and
Billing Departments, showing that the latter, which has the most deficient lighting,
also has only part of the lighting because the premises are in a poor condition.
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Table 2 Circadian stimulation measurements considering the illuminance of each workstation

Type of premises Type of lamp Color Temp.
Kelvin (K)

Desktop Eh
(lx)

Ev
(lx)

Ev/Eh CS

Billing Dept. Fluorescent
Tube T8 36 W

3000 K (WW) 1 295 115 0.39 0.13

2 181 170 0.94 0.19

3 194 60 0.31 0.07

4 447 140 0.31 0.15

5 460 135 0.29 0.15

Human Resources
Staff

Led Tube T8
18 W

6000 K (DW) 1 317 150 0.47 0.24

2 463 110 0. 24 0.18

3 440 290 0.66 0.33

4 270 163 0.60 0.25

5 250 135 0.54 0.22

Student Financing Led Tube T8 6500 K (DW) 1 556 365 0.65 0.37

2 600 345 0.66 0.35

3 345 220 0.64 0.29

Administration
Area

Fluorescent
Tube T8 36W

4000 K (DW) 1 162 80 0.49 0.07

2 190 100 0.53 0.08

3 209 75 0.36 0.06

4 198 107 0.54 0.09

Systems Develop-
ment Dept.

Fluorescent
Tube T8 36 W

6500 K (DW) 1 370 240 0.65 0.32

2 185 173 0.94 0.26

3 440 290 0.66 0.36

4 230 215 0.93 0.30

Human Resources
Dept.

Fluorescent
Tube T8 36 W

6500 K (DW) 1 230 90 0.39 0.16

2 200 80 0.40 0.14

3 220 97 0.44 0.17

4 160 90 0.56 0.16

1* 245 120 0.49 0.20

2* 190 105 0.55 0.18

Standards and Cer-
tification Dept.

Fluorescent
Tube T8 36 W

6500 K (DW) 1 279 140 0.50 0.22

2 253 144 0.57 0.22

3 160 140 0.88 0.23
∗Individual offices within the same unit

In addition, it is seen that for lighting with CCT of 6500 K, an Ev:Eh ratio higher
than or equal to 0.65 is seen in 13% of the workstations, but there is no circadian
stimulation, given that the horizontal and vertical illuminance is less than 300 lx.
Figure 4 shows two offices with a CCT of 6500 K, the Student Financing office with
LED lamps, and the Human Resources office with fluorescent lamps, resulting in
lighting with greater contrast. The first image shows the office lit with LED lamps,
which have Eh> 300 lx levels (560 lx, 520 lx and 345 lx), and Ev> 200 lx, where all
the workstations reach a circadian stimulus of CS > 0.3. On the contrary, the office
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Fig. 4 Lighting conditions of theStudent Financial andHumanResources offices in theUniversidad
del Bio-Bio Administration area

lit with fluorescent lamps has a circadian stimulation of CS < 0.2 m, the result of
low illuminance on both the work plane and the vertical plane at eye level.

5 Discussion

Providing circadian stimulus for occupants implies achieving several lighting design
variables. First of all, providing suitable illuminance levels for visual comfort of
between 300 lx to 500 lx perceiving, at eye level, enough light to suppress melatonin
(mainly in the morning), and providing neutral to cold environments that are similar
to daylight (with CCT > 4000 K). And although the recommendations estimate
considering an Ev:Eh ratio of 0.65:1, the results show that reaching this is not enough
to have a circadian stimulus.

Theanalysispresentedshows thatmostworkspacesdonotprovideacircadianstim-
ulus for occupants, and even have difficulties in reaching the horizontal illuminance
recommended for comfortably performing visual tasks. As a result, there is deficient
lighting with short- and long-term consequences for the occupants, due to the impact
this can have on circadian disruptions and the associated physiological processes.

This means facing the great challenge of improving lighting conditions in
workspaces. First, and associated with lighting design criteria, the intended inclu-
sion of variables that quantify the non-visual effects of light as a key factor for
well-being. Second, and associated with mitigation measures for a lack of circadian
stimulus, supplementing the general lighting with light sources at eye level (such as
desk lamps), preferably dynamic light to adjust its intensity, CCT, and/or establishing
photosensitive regulation systems. However, this solution is regulated by the occu-
pant (there is no guarantee that the stimulus perceived is sufficient or suitable), and
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in contexts with less technological development, as in the Global South, these solu-
tions can entail a high investment, making them unviable. In addition, and associated
with compensatory measures, it is important that the occupants estimate exposure to
daylight for 1–2 hours a day, to offset the lack of daylight, especially for workers in
windowless offices.

6 Conclusions

This research implements the use of a simple calculation method to predict circadian
stimulus, which can be applied by architects and designers to make design decisions
that try to favor characteristics of the lit setting that have an impact on the circadian
stimulus andbetter physiologicalwell-being for occupants of naturally and artificially
lit spaces.

At the same time, it has been shown that artificial lighting design must move
towards an integrated design. That is to say, apart from providing suitable lighting
levels for visual tasks with an adequate light distribution, estimating characteristics
of the light source, considering the color temperature with a high blue spectrum,
and managing to obtain vertical illuminance considering the observer, to include
circadian light as a design principle.
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Abstract Noise exposure significantly affects health and well-being. However,
today’s cities are becoming increasingly noisier. Furthermore, in the tropics, on one
hand, the use of natural ventilation as a passive conditioning strategy increases the
exposure of spaces to ambient noise. On the other hand, housing projects concen-
trate a high number of housing units per area, adding interior noise from people.
Moreover, multi-residential building projects in the tropics have little or no consid-
eration of design, material, or construction practices to mitigate noise inside spaces
and regarding the relationship that each dwelling has with the environment, both
inside and outside the building. An acoustical approach, in the first stages of resi-
dential projects, can help the design and the designer to improve noise control and
acoustic comfort, in particular to avoid sleep disturbances. This chapter reviews the
most common architectural design conditions and decisions for the distribution of
spaces in multi-residential buildings, which negatively impact the performance of
noise control in them, identifying the situations and decisions to be avoided, those
which must be fostered, and the mitigation and control activities to implement when
these emerge.
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1 Introduction

Noise has been recognized as one of the environmental pollutants most frequently
found in spaceswhere there is human activity.Noise exposure significantly affects the
quality of life of large swathes of the population [1], with physical andmental impacts
such as hearing impairment and tinnitus, cardiovascular and metabolic disorders,
cognitive impairment, and sleep disturbance, among others [2].

However, today’s cities are becoming increasingly noisier, surpassing theWHO’s
recommended noise exposure thresholds to avoid adverse health effects [3]. In fact,
the Environmental Noise Report states that in Europe, at least one person in five is
exposed to noise levels that are considered harmful to their health [1]. This number
may be much higher in contexts such as those of the Global South, and in particular
in South America, if the differences in the population’s cultural behavior [4], and
the limited regulation of commercial-, industrial-, and transport-related activities in
industrial development areas, are considered, where noise is an unwanted by-product
that a large part of the population endures [1, 5].

In this regard, it is important to note that Environmental noise is defined as any
unwanted or harmful outdoor sound produced by human activity, such as noise emit-
ted by transport and industrial activity [6]. It is an environmental pollutant that leads
to annoyance, can be perceived as stressful [7], and is associated with an increased
risk of negative physiological and psychological health outcomes [8]. On the other
hand, acoustic comfort is defined as “the perceived state of well-being and satisfac-
tion with the acoustical conditions of a given environment” [9]. This involves the
occupant’s perception regarding their acoustic environment (transport, urban equip-
ment, activities, noise-producing neighborhoods).

In this way, providing acoustic comfort could be understood as minimizing intru-
sive noise and maintaining satisfaction among building users [10]. It has been con-
cluded that “the overall perception of both comfort and the quality of the space can
be profoundly influenced by noise and the stress it causes” [11]. Hence, an acousti-
cally comfortable environment is one where desired sound is encouraged, while the
undesired, namely noise, is absent.

This is a challenge in today’s cities, where environmental noise is ever higher, and
where people are exposed to different sources of noise [3]. In this vein, homes are
where people seek shelter, look to rest, and, therefore, where they least tolerate noise.
However, growth in demand for housing units, an increased need for mobility in our
cities, and the trend toward re-densification and maximizing land use are leading to
a high-rise city model with multi-residential buildings. These also pose a challenge
for noise control, as they are a source of noise themselves [12].

Thus, it is worth clarifying that buildings are exposed to noises from multiple
sources. From outside, through industrial, commercial, or leisure activities, land
or air-based means of transport, but also from inside, produced in the building
or the technical space, from other housing units, or by the housing units them-
selves. Although another field of acoustics applied to buildings focuses on the indoor
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conditioning of the spaces, to provide a better sound quality, this chapter focuses on
the control and mitigation of indoor and outdoor noise.

This is particularly relevant in the Global South because apart from the environ-
mental noise conditions a building is exposed to due to its geographical location,
there are a series of characteristics in these contexts that can produce yet more noise
and affect the inhabited space further still:

• Designs for natural ventilation—In countries of the tropics with non-extreme
weather conditions, buildings are designed to take advantage of airflows for natural
ventilation. These air renewal and passive conditioning strategies expose spaces
to environmental noise.

• Housing density—Mass-scale housing projects in the Global South concentrate a
large number of housing units per area, typically with a high occupation per unit.
This leads to a significant amount of noise from human behavior.

• Technical service units of the building that use equipment with obsolete and noisy
technology. These units, just through their operation, produce noise that is per-
ceived in the private spaces of the home and can cause sleep disturbances (eleva-
tors, pumping equipment, hydraulic networks, etc.). They also tend to be installed
without all their accessories or with lower labor/material quality.

Thus, considering that noise affectation of sleep is one of the critical issues and
the major health problems it entails [13], and the challenges that living in multi-
residential buildings involves, especially in the Global South and the Tropics, in this
chapter acoustic comfort in multi-residential buildings is related with the mitigation
of noise-related sleep disturbances.

With this goal in mind, noise control and acoustic comfort in multi-residential
buildings become especially salient, concepts that can, and should, be addressed
from the conception of projects, and not as a problem to solve when already built.
In this sense, architecture can play an important role, given that it is from the design
stage where decisions can be made that have a greater impact on the building’s
end performance. However, acoustic factors are typically given little consideration
during the project’s planning and design stages [14], hence the need to include a
noise protection and control approach in their design.

For this, it is important to understand how sound behaves. Sound is defined as the
sensation perceived in the ear when a body vibrates in an elastic medium, which can
be a gas, such as air, or solids and liquids. With this in mind, when studying sound
and noise in buildings, two types of sound propagation are acknowledged, airborne
noise, and structure-borne noise, which are responsible for how the environment is
perceived inside housing units (See Fig. 1).

Sound, with noise sources in the same housing unit and/or on the same floor of the
building, is most often heard as airborne noise. In the case of noise from equipment,
machinery, and services, as well as the noise found in the mezzanines, this is mainly
perceived as structure-borne noise.

On the other hand, noise sources with a fixed emission point, such as industrial,
commercial, or leisure facilities, are knownasfixed sources, as their emissionposition
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Fig. 1 Noise sources in multi-residential buildings. Based on [10]

Table 1 Maximum permissible noise levels by land use. Typical structure of the requirements of
Latin American standards

Type of zone by land use Equivalent sound pressure limits NPS eq [dBA]

Daytime Nighttime

Hospital and Education Zone 55 45

Residential Zone 60 50

Commercial Zone 65 55

Industrial Zone 75 65

does not vary in time. Meanwhile, traffic noise is identified because its generation is
due to multiple mobile sources that circulate in a preset direction along the route of
the roads they follow.

In this line, it is important to emphasize that most regulations in South America
just focus on defining the amount of noise that can be emitted by fixed sources into the
environment, seeking to control the exposure of areas defined as protected. In areas
meant for residential, hospital, educational, or rest purposes, the standard imposes
more restrictive levels, separating these into day and nighttime schedules, looking
to avoid sleep disturbances. As an example, Table 1 presents the highest permissible
noise levels by land use, which is repeated without any major variations across South
American regulations (See [15]).

However, it has been acknowledged that the greatest source of environmental
noise affecting inhabited settings, is caused by air and land-based transport [16], i.e.,
noise frommoving sources, which is unregulated. On the other hand, local standards
are seen as confusing or difficult to apply when facing vacuums created by urban
sprawl, where multiple sectors coexist, along with the weakness in the regulation
and control of noise sources. In particular, it must be considered that it is from the
design of housing units and residential complexes where the decisions are made that
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lead to rooms being exposed to different sources of noise, such as outdoor noise, that
is generated by others, or from rooms of different housing units.

In this aspect, in Europe, legislations such as those of the United Kingdom [17]
have developed regulations and technical standards and recommended practices to
apply in the planning of a residential project, which consider the evaluation of the
noise found onsite before implementing the project, and how to act accordingly to
protect indoor environments from the architectural design and construction activities
[18].

However, in South America, only a few legislations, such as the Chilean NCh352
[19], address the planning of acoustic behavior of inhabitable spaces from the archi-
tectural design of the space, of its relationshipwith the surroundings,with the outside,
and particularly with the rest of the residential units of the same building.

Facing the lack of regulations, technical standards, or building regulations that
include noise control solutions in the region’s residential building projects, it becomes
necessary, from the architectural conception of the project, to have noise control and
acoustic technical revisions that help support decision-making in terms of function,
use, and materiality, which have the suitable performance to mitigate outdoor envi-
ronmental noise, control noise from the service units of the building itself, and to
mitigate noise issues related to the rest of the residential units.

In this sense, this chapter addresses the revision of the most common architec-
tural design conditions and decisions on the distribution of spaces inmulti-residential
buildings, which negatively impact the performance of noise control in them, iden-
tifying the situations and decisions to be avoided, those which must be fostered, and
the mitigation and control activities to implement when these emerge.

2 Architectural Design for Acoustic Comfort

The design of a dwelling, from an acoustic criteria approach, can be broken down
into different areas considering the following:

1. The nature of the acoustic requirement of the space, how private these must be,
and how protected they have to be against outside noise.

2. The amount of noise that is produced from the space.

Starting from this identification, the relationship that each space haswith adjoining
ones within the same housing unit and with other external residential spaces must be
validated since, in terms of noise control, the basic minimum premise in housing is to
favor the protection of private areas to avoid sleep disturbances, whichmeansmoving
them away or protecting them from other areas that produce high noise levels.

Thus, the areas of a dwelling can be identified as:

1. Private (bedrooms): Areas destined for sleeping.
2. Social and circulation (living room, dining room, hallways, dens, and studies):

Spacesfor thegenerationofmoderatenoise,withmediumtoshortstays,withequip-
ment that can emit noise that can be controlled by the user (TV/audio equipment).
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3. Services (kitchen, bathrooms, and laundry room): spaces with high levels of activ-
ity and noise generation from using the hydraulic and electrical systems, etc.,
where it is not usually possible to control the noise emission from the source
(flushing toilets, washing machines, household appliances, etc.).

The design decisions that are commonly used are reviewed andvalidated regarding
their usefulness to maintain acoustic comfort and noise control, with an emphasis on
private areas, differentiating between airborne noise (Sect. 2.1) and structure-borne
noise (Sect. 2.2).

2.1 Airborne Noise

2.1.1 Outside Noise

The development of a housing project should consider the noise conditions of the
location beforehand, so that the design, location, orientation, and material of the
building provide control strategies. When possible, urbanism, site conditions, and
the distance of the building’s façade from the street can play a relevant role in the
mitigation of the amount of street noise that reaches the housing units (See Fig. 2).

In a project located in a sector with high environmental noise levels, private areas
should have less exposure to sources of noise. If lighting and natural ventilation
through windows must be used, it must be clear that these are the more fragile point
of the façade, and that they have the greatest noise filtration.

In most projects, sliding windows are used to not take space from rooms with
casement windows. However, most commercial sliding window solutions have poor
noise isolation performance as a result of the system’s operation. In critical noise
sector conditions, private areas should be designed and built with casement windows
that have a better isolation performance, and that allow the user to decide against
ventilation, but gain efficient control of the noise filtering inside.

Different window installation options can offer, depending on the materials, oper-
ation system, and glazing profiles, isolation levels thatmay be useful for noise control
(See Fig. 3). The use of overhangs or other design elements can be coupled with win-
dows to shield from noise while allowing the windows to open for ventilation. This
topic has been addressed in research such as that of Tang [21], Torresin et al. [22].

• PROMOTE: Window solutions with hinged or swinging operation systems in
rooms exposed to noisy environments.

• AVOID: Plenum window systems, with fixed latticework or grids.
• SOLVE: plenum or casement window systems, with high air resistance, perimetral
elastic appearance, rigid assembly, and multiple laminated glazing.
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Fig. 2 Traffic noise barriers, strategies for noise control from the urbanism. Based on [20]

2.1.2 Indoor Noise

The layout of the home’s service units next to private areas produces noise issues
that can disturb people. This is why the design can use the social areas for circulation
or short stays to offset the appearance of these phenomena (See Fig. 4).

En-suite bathrooms do not entail noise issues and sleep disturbances for the users
of the bedrooms they are in. However, it must be avoided that, by design and distri-
bution, these units are in contact with other private areas in the same apartment, or
private areas of adjoining housing units (See Fig. 5).

• PROMOTE: Powder rooms in contact with circulation areas or service areas such
as kitchens, closets, living rooms, etc.), or other bathrooms.

• AVOID: Powder rooms or main bathrooms alongside rooms they are not directly
part of.
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Fig. 3 Window strategies for noise control and natural ventilation

Fig. 4 Strategies to control indoor noise
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Fig. 5 Incorrect location of bathrooms in the same residential unit

• SOLVE: The main noise produced in bathrooms comes from the hydraulic flow of
the supplyanddrainpipes.Tomitigatenoise spreadingbetweenspaces fromthepip-
ing, these must be covered with fibrous insulation materials when the networks are
installed to avoid rigid contactwith thewall, and if itwere thecase, use a secondwall
or lining.

2.1.3 Other Housing Units

In multi-residential buildings, each housing unit is in contact with one or more units.
Here, it is necessary to design so that the shared surfaces do not include bedrooms
to avoid noise issues, and that shared surfaces are spaces with similar use behaviors.

Often, the home’s main room lines up with the wall of the adjoining housing unit
and shares this with a social area that tends to produce noise at night. In the case of
one home’s bedroom sharing the wall with the bedroom of the other dwelling, and
due to the design and size of the room, has the headboard resting against this wall,
the likelihood of disturbance is greater due to the low noise level in both spaces,
which means that daily noise can be perceived (See Fig. 6).

• PROMOTE: Adjoining spaces between units must be service areas such as
kitchens, hallways, bathrooms, and living rooms.

• AVOID: Matching bedrooms of one residential unit with spaces of the adjoining
residential unit.

• SOLVE: When adjoining surfaces of the housing units are bedroom walls, these
must be built with high-performance acoustic insulation using techniques such
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Fig. 6 Locations to be avoided between adjoining housing units

as a double wall with internal fibrous insulation, or walls coated with insulating
layers on both faces.

2.2 Structure-Borne Noise

Themost characteristic noise issue ofmulti-residential buildings is the vertical spread
of structural noise between occupied spaces through the mezzanine slabs.

This type of noise is caused by the impacts the floor of a housing unit receives,
which are structurally transmitted through this to the space immediately below. The
more rigid and dense the floor structure is, the greater speed and intensity the noise
will have, disrupting the peace of the spaces below.

• PROMOTE: Designs with the same distribution, so they match the spaces above
and below with the same use dynamics so that the activity is the same at the same
time. To avoid sleep disturbances, bedroomsmust be designed on top of bedrooms.

• AVOID: Designing service spaces or social areas that can have nighttime activity
above the bedrooms of the dwelling immediately below.

• SOLVE: The noise control on floor slabs. This can be done using 1. Unattached
mortar installed on insulating elastic materials, or 2. using slab-mortar-finish solu-
tions with density variations, and on being solutions that work by avoiding the
vibration or impact reaches the main structure, their efficiency is limited to these
being applied when the floor is built, as solutions under ceilings are less effi-
cient (See Fig. 7). In both cases, these are specific construction solutions for noise
control that affect the project’s budget, so they are rarely used onsite.
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Fig. 7 Floating concrete slabs

2.2.1 The Building’s Technical Services

All equipment, machinery, or systems that provide services to a building produce
movement, impacts, and vibrations that are transmitted to the construction, and can
be perceived in inhabited areas, leading to annoyance from noise, and in some cases,
to sleep disturbances. In serving the building, these systems are irreplaceable, so
measures in the system’s design, the choice of suitable technology, and the interaction
with the building’s architecture must be taken to control, mitigate, and reduce noise
production.

In the context of the Global South, it is common that due to budgetary deci-
sions, there is no access to equipment with state-of-the-art technology and lower
operational noise levels, or to accessories recommended by the manufacturer for
their installation. In fact, assembly practices that compromise the construction with
structure-borne transmissions are commonplace, making the problem evenmore evi-
dent and affecting more areas.

Elevators: Elevators produce noise that is spread as vibration through the concrete
walls and slabs that the equipment’s system is in contact with. As such, it must be
avoided that a wall is shared between a bedroom and any of the shafts (See Fig. 8).

Elevators should be installed with all their anti-vibration and elastic mounts that
minimize the transmission of vibrations to adjoining spaces.

• PROMOTE: The use of silent-running equipment technology installed with anti-
vibration elastic supports, following the supplier’s recommendations.

• AVOID: That the elevator shaft is alongside bedroom areas inside the dwellings.
• SOLVE: Elevator noise is spread to bedrooms as vibrations of the dividing wall.
Covering the wall with fibrous acoustic absorption materials and lightweight fin-
ishes is the only mitigation option.

Water Pumps: The pumping equipment of the water networks produces noise and
vibrations that are transmitted through the structures where they are installed, and
also through the pipes. Their installation in basements minimizes the possibility of
causing bother in the private areas of housing units on higher floors.

If they are installed on the terrace, it must be avoided that they are located above
the bedrooms of the lower floor and, in any case, this equipment should be installed on
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Fig. 8 Recommendations when locating elevators right by housing units

insulated bases, with elastic or spring-based anti-vibration mechanisms, and should
be connected to the pipes by flexible couplings and joints, avoiding all rigid contact
with the building’s structure.

• PROMOTE: The use of silent-running technology and the installation of noise
and vibration control accessories suggested by the manufacturer. Use foundations
with an inertia bench installed on rigid insulation plates of a suitable thickness for
the equipment’s weight.

• AVOID: Installing the equipment close to, on the same concrete slab as, directly
above, or below housing units.

• SOLVE: Apart from the assembly of equipment to avoid noise transmissions to
the building’s structure, the pump rooms must be confined and with acoustically
insulated access doors.

Shafts: The routes of the shafts for water services, downpipes, etc., should not go
through bedrooms, to avoid the noise from the flow along with vibrations.

It is commonplace that shaft walls are built with the same configurations as the
project’s other walls, disregarding that the routes of the networks can cause noise
from flow, impact, or vibrations, that can be transmitted to the private areas of the
home.

With the introduction of lightweight construction systems, the need to protect
against fires has combined designs that also provide high performance in controlling
the noise emitted from the shaft.

In the USG document, Shaft Wall System Catalog-SA 926 [23], the company
producing the USG lightweight construction system provides guidelines for shaft
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wall construction typologies considering fire resistance, which ends up providing an
acoustic performance rated with the STC (Sound Transmission Class) indicator.

• PROMOTE: routes of the shaft through social or service areas.
• AVOID: shaft routes through bedrooms.
• SOLVE: In the case of shaft routes through bedrooms, the pipes must be covered
with fibrous insulation materials, and the walls must be enclosed with a high-
performance insulated wall solution, double masonry with internal insulation,
masonry covered with insulation, and a lightweight or multi-layer lightweight
construction finish.

3 Conclusions

In the context of the Global South and its developing cities, environmental noise
sources are growing and are difficult to control which is why, in the future, local
legislation will have to work with a greater scope, considering noise as a contaminant
that must be avoided, and against which residential constructions have no greater
protection.

When the pandemic in 2020 shut down all activities and the cities were silenced,
the world spent more time at home, doing more activities in these spaces. It was then
discovered that buildings, especially multi-residential ones, do not have sufficient
acoustic performance to be comfortable. In communities for which there are statis-
tics, major increases in the number of noise complaints compared to before were
recorded, with a different dynamic. The complaints about environmental noise from
noise sources such as transport, construction works, and industrial activity fell, while
complaints for cohabitation noise issues, rose [24, 25].

Even though the residents of multi-residential buildings must accept and tolerate
living with an inevitable amount of noise, as a result of the occupation of housing
with different density levels, the building’s performance regarding the transmission
of noise between spaces is a decision made before the project is occupied. In many
cases, the control of noise between floors has been applied administratively, fostering
cohabitation agreements that commit residents in these buildings to minimize poten-
tially noise-producing activities, at least at nighttime, to avoid sleep disturbances
caused by noise in a lower housing unit.

Most of the architectural design decisions of a residential building can eliminate an
important number of potential noise situations that could produce sleep disturbances,
and deciding to protect private spaces can have an impact on how the space is used,
and determine the amount of noise this use can generate.

In comparison to the thermal and lighting aspects, the acoustic environment has
been overlooked during the education of building engineers and architects [14], a
trend that is also present in academic research [22]. In the specialized technical lit-
erature, there are many assembly designs to control noise between spaces, that can
be used depending on the building practices and the availability of local materials.
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However, these solutions look to solve existing problems and entail additional work
for the site’s construction, with an impact on material consumption, sacrificing the
project’s available space, and limited results that could be avoided with an architec-
tural design that is aware of the need to think how the space will be heard.

Regulations and policies must also move forward along this line, including
requirements for noise control and acoustic comfort from the project’s conception,
going beyond the protection of fixed sources toward mobile ones, and for multi-
residential buildings, the noise caused inside the buildings themselves.
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Abstract This chapter addresses the regulatory barriers and acoustic design chal-
lenges for skills development in the twenty-first century in the Global South, within
new flexible learning spaces. Nowadays, the diversity of teaching methodologies
and approaches has made the ambient sound more complex due to the noise caused
by group learning activities. Therefore, the objective of this article was to make an
international review of acoustic design regulations and recommendations for flexible
learning spaces. Currently, the limited acoustic design criteria for these new spaces
differ from one another, evidencing impressions when defining which parameters
would be optimal to characterize their acoustics. Understanding the operationaliza-
tion of architectural design and pedagogical use will be essential to provide adequate
verbal communication using variable acoustics, which involves the use of acoustic
control elements and devices to cover the current gaps in existing standards.
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1 Introduction

Since the beginning of the twenty-first century, the way of teaching and conceiv-
ing educational spaces has evolved from teacher-centered teaching, with the frontal
organization of furniture for instructional teaching organized in rows, to student-
centered learning, whose different learning modalities [1] (See Fig. 1) have involved
rethinking the design of spaces, seeking to personalize the ways boys and girls learn
based on the educational plans of [2].

Making a learning space more flexible has meant providing multiple pedagogical
alternatives by adapting school furniture and transforming the limitations of the
built environment by opening and closing walls to varying degrees (See Fig. 2).
For [1] and other authors [3, 4], the first step to making an educational space more
flexible, and respond to contemporary needs, is to convert traditional classrooms
into learning workshops and increase the number of learning modalities by five
to seven, on incorporating adaptable furniture. After this, by setting up adjoining
spaces, semi-connected by a common space, it is possible to facilitate collaborative
work between rooms and cover 10 learning modalities, while, a greater degree of
flexibility emerges when a space traditionally occupied by a group of classrooms
and a hallway are united, forming a small educational community that favors around
fifteen learning modalities.

Fig. 1 Learning modalities for twenty-first century according to [1]
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Fig. 2 Representation of degrees of flexibility of the learning space according to [4], adapted by
[3] and redrawn by the authors

Following this, although the design of the space should be flexible and adaptable,
it should be considered that it is the teachers who define the configuration and use
alternatives [5, 6], depending on the teaching and learning approaches they look to put
into practice (See Fig. 3). The fundamental purpose ofmaking the spacemore flexible
is to provide a variety of educational experiences, promote greater commitment
and autonomy in students, and increase the levels of reflection, collaboration, and
motivation [7–9].

Although there are multiple benefits of flexible learning spaces [10–12], it has
also been shown that, by promoting collective practice and group interaction, the
space is prone to generating high levels of noise inside [13] and can induce a lack of
privacy and distraction [9, 14–17], generating stress for the students and teachers [18,
19]. Likewise, intrusive noise from other classes or work groups can affect speech
intelligibility and cause discomfort from the noise generated by conversation [20–
23]. Considering that activities involving group work and movement will take place
at least 50% of the time in schools [6, 24], excessive noise may significantly affect
people’s well-being [20, 25, 26], both in communication, attention, and memory
and in academic performance and cognitive development [15, 27–31]. It should also
be considered that the most vulnerable population, such as children with autism
spectrum disorder, hearing impairment, or language disorders, are greatly affected
by interior noise levels [32]. Thus, safeguarding an acoustic comfort, understood as
the perceived state of well-being with acoustical conditions, is essential to achieve
the development of student-centered learning modalities.
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Fig. 3 Teaching and learning approaches, according to [4], adapted by [3] and redrawn by the
authors

In the Global South, great efforts have been made to improve the conditions of
educational infrastructure and support the demands that this new era entails. An
example of this has been the work carried out in recent years by the Education
Division of the Inter-American Development Bank (IDB) and the local agencies of
the region’s countries,1 where they have sought, through projects and public policies,
to promote and guarantee access for students to resilient, sustainable, and accessible
infrastructures, to improve the installed capacity for learning and skills of the twenty-
first century in Latin America and the Caribbean [33]. However, although there is still
an important gap regarding the progress of theGlobalNorth and no evidence has been
found yet on acoustic quality in this context, flexibility in educational spaces is being
incorporated into the design of spaces in the region,2 and therefore, environmental
acoustic challenges are an extremely relevant area to consider, especially based on
the foreign experience of the northern countries.

1 In 2010, Argentina, Barbados, Chile, Colombia, Costa Rica, Guatemala, Honduras, Jamaica,
Mexico, Dominican Republic, and Trinidad and Tobago, presented the “Learning in Schools of the
twenty-first century” proposal and obtained funding from IDB’s Regional Public Assets program,
whereby they have found design alternatives to create spaces that are conducive to new learning,
alongwith planning tools, sustainable constructionmethods, andfinancing alternatives,with varying
achievements in the field of school infrastructure.
2 In 2018, the IDB-led architecture competition, “Schools of the twenty-first century in Latin Amer-
ica and the Caribbean” was launched. The call received 115 innovation applications from 17 coun-
tries in diverse fields of design, construction,management, and use. These buildings can be reviewed
in the catalog of infrastructures selected by the “Schools of the twenty-first century in Latin America
and the Caribbean” contest, where 80 buildings that facilitate twenty-first century learning and skill
development have been recognized [33].
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2 Acoustic Parameters for the Design of Educational
Spaces

Acoustic design has not been fully integrated into the vast majority of educational
spaces in the southern hemisphere and the interior conditioning of classrooms has
recently been considered within some public policies and design guidelines to safe-
guard user well-being [34]. However, at a global level, learning spaces have tradition-
ally been acoustically conditioned by the Reverberation Time (RT) and Background
Noise Level (LeqAS) parameters, and occasionally, some standards have integrated the
Speech Transmission Index (STI) and Signal-to-Noise Ratio (SNR). These param-
eters are normally applied in both traditional and flexible spaces, despite the great
differences in spatial terms and pedagogical use.

Reverberation Time (RT) Reverberation time is defined as the persistence time of
the sound, in seconds, once a sound source has stopped emitting inside a room. Its
duration depends mainly on the volume and absorption of the space since it is the
travel time of successive reflections of sound waves on the surfaces of the inner enve-
lope. Although reverberation time is measured over a spectrum of frequency bands,
most standards define a unique number (RTmid), corresponding to the arithmetic
average of the 500 Hz, 1 kHz, and 2 kHz frequency bands. In educational spaces, the
maximum reverberation time commonly used is 0.6 s [34–40], although depending
on the standard, the requirements vary considering the volume of the space, where
the lower the volume, the longer the requested reverberation time is.

Noise Level (LeqAS) Ambient noise levels in unoccupied learning spaces are gen-
erated by different sources from inside and outside. While the noises from outside
are usually produced by traffic or other adjacent spaces such as classrooms, yards,
and circulation spaces, noises from ventilation equipment, lighting, or projectors are
found inside the premises. Generally, the noise inside the spaces is characterized as
an equivalent continuous weighted sound pressure level A (LeqAS) and is measured
at a given time. Depending on the standard, the background noise level requirement
in furnished spaces and without the presence of students and teachers varies with a
maximum of between 30 dBA and 35 dBA [36–38, 40, 41]. Likewise, this param-
eter generally defines or is associated with the acoustic insulation that the different
constructive elements of the space’s envelope must provide.

Speech Transmission Index (STI) Speech intelligibility represents the degree of
understanding of a speech considering ambient noise levels, reverberation time, and
the location of the speaker and the listener. Classifying speech intelligibility by using
STI, allows evaluating the comprehension of the spoken voice from 0 to 1, quan-
tifying the percentage of the message that is understood correctly. When an STI is
greater than 0.6, the intelligibility is considered good to excellent (greater than 0.75),
while between 0.45 and 0.6, it is regular, and less than that number would have a
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subjective assessment of deficient or bad. In educational spaces, an STI of 0.6 is
mostly accepted.

Signal-to-Noise Ratio (SNR) This ratio identifies the difference between the levels
of the spoken voice and the noise level of the learning environment under occupation
conditions. Some authors recommend providing a signal-to-noise ratio of between
+15 dB [40] and +20 dB [42], especially for primary school students, to ensure
optimal speech intelligibility. However, considering that theweighted sound pressure
level of the voice at a distance of one meter is 57.4 dBA for normal voices, and 66.5
dBA for raised voices [40], this ratio is difficult to achieve when there are group and
collaborative learning activities, due to the noise level associated with these.

3 Acoustic Design Barriers

To analyze the situation and the challenges of school infrastructure in Latin America
and theCaribbean, in 2010, the Inter-AmericanDevelopmentBank project “Learning
in Schools of the twenty-first century”, was created [43]. Starting from this project,
an environmental and energy audit of 117 representative classrooms was carried out
in six countries, among them Chile, where it was shown that, in most unoccupied
spaces, the noise levels did not comply with the limits established by the interna-
tional standard, demonstrating a problem both with the sound insulation of envelope
elements and with internal acoustic conditioning [44].

Following on from this project, acoustic design criteria were included in the
Strategic School Infrastructure of the Ministry of Education [45] and the Design
Guide for NewEducational Spaces [34], which has recently been updated [35]. Since
then, compliance with the acoustic performance parameters of reverberation time,
speech intelligibility, and acoustic insulation of the façade and between premises has
been requested in the country’s new public primary and secondary schools. However,
the guide does not require a maximum background noise level. A study in Santiago
de Chile [46] has concluded that, with current urban noise levels, it would not be
possible to apply the acoustic criteria of the guide in 70% of schools.

Moreover,when analyzing the recommended values for background noise (LeqAS),
reverberation time (RT), and the speech transmission index (STI) for closed and
open spaces in different countries (See Table 1), the absence of acoustic conditioning
requirements for occupied learning spaces is seen, evenwhen learningmethodologies
have changed and the sound environment has become more complex.

It should be noted that Table 1 considers closed spaces, as those traditional four-
walled classrooms with a single class group, and open spaces, as those learning
spaces connected by semi-openmobile divisions, or that in open plan, form a learning
community integrating parallel class groups. In this regard, it should be noted that the
New Zealand regulations welcome the change of educational paradigm, assuming
that every school incorporates active and innovative learning, and therefore, does not
differentiate between open and closed space. In addition, although only the United
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Table 1 Summary of acoustic criteria for educational spaces in countries

Standard Country Closed space Open space

LeqAS
(dBA)

RT (s) STI LeqAS
(dBA)

RT (s) STI

MINEDUC Chile – 0.6–0.7 0.6 – – –

BB93 UK 30–35 0.6–0.8 – 40–45 0.5 0.6b–0.3c

ANSI S12.60 USA 35 0.6–0.7 0.6 – – –

DQLS New
Zealand

– – – 40–45 0.4–0.5
1.2a

–

BR15 Denmark 30 0.6 0.6 30 0.3–0.4 0.6b–0.2c

SS025268 Sweden 26–40 0.6 – 30 0.4 –

NBN 01-400-
2

Belgium 35 0.35log
(1.25 V)

– – – –

Mode 35 0.6 0.6 30 – 0.6
aBreak spaces or resource rooms
bInstruction or critical listening activity–within the group
cBetween groups (during critical listening activities)
LeqAS: background noise level in an unoccupied classroom
RT: average reverberation time
STI: speech transmission index

Kingdom, Sweden, and Denmark define specific acoustic criteria for open spaces,
only Danish and UK regulations differentiate STI values between instructional and
critical listening areas and intermediate spaces to protect acoustic privacy between
learning groups.3 In the case of New Zealand, this distinction is made using the
reverberation time differentiated by area.

Likewise, among the aforementioned countries, there is a variation in the standards
recommended for open spaces, evidencing impressions when defining which param-
eters would be optimal to characterise the acoustics of a flexible learning space. On
the other hand, the ANSI and BB93 standards do not encourage designing partially
closed or fully open learning spaces for critical listening activities because adequate
acoustic isolation between parallel groups cannot be guaranteed.

It could be pointed out that, although most countries of the Global South and
North promote spatial flexibility in school design to meet contemporary educa-
tional challenges, in acoustic terms, a large part of the standards have not changed
profoundly in the last 20 years [22] and the acoustics of closed space contin-
ues to be addressed to achieve optimal intelligibility conditions, especially for
instructional-type teaching. In this regard, although the acoustic criteria summary
table reflects an optimal reverberation time of 0.6 s, with the exception of some
countries, it has been shown that, in active learning spaces, a maximum acceptable

3 With STI, it is possible to identify privacy and speech distraction distances [47] to evaluate
whether tasks that require cognitive resources are being affected by parallel conversations. The
speech distraction distance is evaluated when the STI falls below 0.5 with regard to the speaker,
while the privacy distance is evaluated when an STI falls below 0.2.
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reverberation time should reach between 0.35 and 0.5 s, to achieve an adequate SNR
[15, 48].

Likewise, it has been concluded that, for open-plan spaces with dynamic activities
and variable levels of intrusive noise, it is more appropriate to use a design criterion
such as the STI, since it combines SNR and reverberation in a single parameter [15].
However, although several studies in the Global North have measured noise levels
between 58 and 77 dB during group learning activities [24, 48–50], and in Chile,
noise levels between 63 and 79 dB have been found in unoccupied classrooms [51];
it has been recommended indoor noise levels between 55 dBA [14, 52] and 60 dBA
[53] under occupied conditions, which involves both the acoustic conditioning of the
project and the educational itinerary of the learning center.

4 Acoustic Design Challenges

From an acoustic design perspective, it is relatively simple to ensure a comfortable
acoustic environment in closed spaces for teacher-centered learning. In Fig. 4, it can
be seen that when the teaching approach is only instructional and the indoor noise
levels do not exceed 45 dB, the acoustic conditioning should only be responsible
for achieving an adequate reverberation time, distributing the absorbent materials
considering the amplification of the speech at the front part of the space.

Nevertheless, by making the space more flexible, and providing a variety of learn-
ing modalities, new challenges emerge to achieve adequate environmental acoustic
comfort, since the organization of furniture and space changes depending on the
teaching approach and activities. However, regardless of the variety of learning
experiences provided, it will be essential to safeguard adequate verbal communi-
cation, reducing the distraction associated with the dynamic noises of conversation
and movement in the environment.

Fig. 4 Relationships between SNR and distance absorbing surfaces for instructional teaching
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As a result, learning from the past will be key. Although spatial flexibility in
learning environments was explored between the 1950s and 60s through open and
semi-open floor plan typologies in North America, the UK, and other countries [54],
many of these spaces reverted to the traditional system in the late 1970s, due to a
disconnect between the educational project and architectural intentions, andproblems
of environmental acoustic comfort related with interior noise levels [15, 27, 55–58].

One of the most significant impacts of acoustic conditioning on students is when
group learning activities take place, and the simultaneous conversations of groups
cause students to raise their voices, triggering a chain reaction that increases noise
levels inside the space (Lombard effect). Previous studies have shown that this
phenomenon, accompanied by a high reverberation, can be deleteriously critical
to speech intelligibility and even more so in elementary school students who are
developing their communication skills [59].

In a study of 13 Schools in the United Kingdom, [24] observed a significant
positive correlation between noise levels for learning activities and reverberation
time and identified factors that affect the acoustic conditions of learning spaces. On
one hand, they suggested controlling the volumeof the space using amaximumheight
of 2.4m when sufficient acoustic absorption is not incorporated into the premise’s
surfaces and, on the other, proposed limiting the amount of reflective glass surface to
16% of the surfaces. Other authors have promoted incorporating absorbent material
in at least 90% of the ceiling surface, limiting the height of the acoustic ceiling to
3.5m, using carpets to reduce the impact of footsteps and the movement of tables
[15, 60], and developing a homogeneous distribution of the absorbent surfaces on the
walls, to avoid unwanted reflection effects, such as floating echo or sound deviation
[36].

Nowadays, with the paradigm shift in education, some authors have recommended
that research develops new ways to approach the acoustic design of educational
spaces, considering the operationalization of space following the diversity of peda-
gogical use scenarios [61, 62]. In turn, due to the limited evidence on noise control
strategies, for [63], there is an outstanding challenge in developing new noise control
strategies and systems that customize acoustic environments to learning needs.

Mealings et al. [14], for example, demonstrated in a comparative case study
between closed, open, and semi-open classrooms, that a flexible space with more
than 90 students is not appropriate due to the high levels of intrusive noise that occur
in the environment. In addition, although closed classrooms presented the best acous-
tic condition against the intrusive noise of other activities, they suggested that spaces
with sliding walls can provide acoustic and pedagogical flexibility in the spaces.

However, with the use of acoustic barriers, such as furniture that blocks the line
of sight between activities and at the same time generates micro spatialities to house
small learning groups, it would be possible to have classes that involve critical
listening activities in open spaces, since this type of strategies interrupt reflection
routes, dispersing and reducing sound energy even with the presence of intrusive
noise.

To achieve these challenges in open spaces, [15], in a systematic review of the
effects of noise in open-plan spaces, have recommended that the mobile divisions
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Fig. 5 Effect of surfaces on the use of acoustic partition screens in group work

Fig. 6 Effect of height on acoustic screens and dividing furniture in group work

between learning groups have heights of at least 1.6 to 2.0m and absorbent material
incorporated in the ceiling and wall surfaces to avoid sound reflection (See Figs. 5
and 6). Also, separations between classes would have to be at least 6.5m, and an
ideal surface per child should be between 4 and 5 m2, which is quite distant from the
current conditions in Chile, where an area of 2 m2 per student is considered in each
class.

6
Regarding the speech intelligibility parameter, for [48], if a reverberation of 0.4 s is

assumed in the furnished space, when there is noise during critical listening activities,
students should meet within 3m of the speaker and the estimated STI values, to
achieve satisfactory intelligibility, should be 0.61, with a minimum SNR of 8.5 dB,
for 11-year-old students, 0.69 with an SNR of 12.5 for 8-year-old students, and 0.75,
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Fig. 7 Effect of dropped ceilings during group work

with an SNR of 15.5 dB, for 6-year-old boys and girls, since cognitive and auditory
processing is still developing.

On the other hand, [64], through a simulation of the acoustic performance of 5
configurations of a closed learning space, with two variants of an individual acoustic
control device for two types of activity (individual study and conference), confirmed
that by incorporating a variable acoustics device, the reverberation and soundpressure
levels (SPL) of voices in the space could be increased or reduced, depending on the
learning situations sought. Based on this innovation, the results suggest that thinking
about lower ceiling areas in some work areas could contribute to acoustic comfort
by reducing or amplifying sound energy and the possible reflections generated on
the ceiling within specific areas of a room (See Fig. 7).

If the function and pedagogical use of the learning space change, it seems insuf-
ficient to assume that all learning situations can be remedied with static acoustic
design criteria that respond mainly to critical listening activities of instructional-
type teaching. Considering other types of active and group learning activities also
demands reducing or redirecting noise sources, and therefore, incorporating acoustic
design strategies through furniture or other control devices, to improve teaching and
learning situations, following the needs of each school community, and seeking the
integration of variable acoustics that reinforces existing standards.

5 Conclusions

Based on the new challenges posed by the twenty-first century, for approximately
10 years, the Global South has begun to rethink the design of learning spaces as a
catalyst for pedagogical change. The incorporation of flexibility and versatility of use
from a declared approach of comfort and environmental sustainability has allowed
providing a wider variety of educational experiences and encouraged collaboration
between teachers and students. However, guaranteeing student-centered learning
and safeguarding the quality of the indoor environment and communication as a
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fundamental motor of the educational process, has been a little addressed aspect in
the region, although, given the evidence of the northern countries, it will probably
present great challenges in the coming years.

It is known that the values recommended for indoor acoustic conditioning are
insufficient to ensure environmental comfort, especially considering contemporary
principles in education. First, because mainly acoustic conditioning in unoccupied
spaces has been considered, and second, because they generally solve instructional-
type critical listening, except for New Zealand, Denmark, Sweden, and the United
Kingdom, which contemplate some criteria for open or semi-open plan spaces,
although with a broad difference between their descriptors. In Chile, although insu-
lation is required on walls, recommendations for background noise levels are not
contemplated, which makes it even more difficult to safeguard good acoustic quality
against noise sources that may come from outside.

Considering that group and collaborativework are learning approaches that gener-
ate high levels of noise, affecting speech intelligibility between students and teachers,
the literaturewould seem to suggest that the first condition to acousticallymanage the
flexible space would be to achieve a reverberation time of 0.4 s, to homogeneously
distribute absorbent elements on the surfaces, and not exceed heights of 3.5m. How-
ever, incorporating other acoustic strategies that allow interrupting, dispersing, and
reducing the sound energy between learning groups, by using vertical or horizontal
elements, could provide greater acoustic versatility to the space, although this aspect
lacks study.

To rethink the acoustics of space based on the well-being, needs, and health of
all the people who inhabit a school community, it will be essential to understand the
degrees of flexibility in architecture and pedagogy, addressing the different sound
scenarios educational experiences have. Once that is understood, incorporating vari-
able acoustics strategies that improve current barriers and update interior acoustic
conditioning designs in the different learning modalities, perhaps it can guaran-
tee, together with adequate management of the educational center, compliance with
appropriate acoustic comfort.

Finally, due to the poor acoustics of the current infrastructure in the Global South,
the consequences that hybrid online learning systems will have during the Covid-
19 pandemic are still unknown. Primary education, which provides the basics for
reading and communication, will probably have to compensate for the literacy gap
as soon as possible. Thus, acoustic comfort and speech intelligibilitywill be an urgent
challenge.
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Impact of Urban Re-Densification on
Light Consumption and Energy Poverty:
On the Equator—in the City of Quito

Estefanía Montes-Villalva, María Beatriz Piderit-Moreno,
and Alexis Pérez-Fargallo

Abstract The high-rise re-densification of cities is jeopardizing sunlight access for
housing, with the ensuing repercussions on the quality of life and welfare of their
inhabitants, as well as the energy and light benefits of solar radiation. This arti-
cle evaluates the impact of urban re-densification on the lighting energy demand
in high-rise dwellings in Ecuador. Thus, the urban and building characteristics of
the city of Quito were analyzed, using simulation tools to explore the reduction of
solar irradiance on the facade, and the increase in lighting demand while determin-
ing boundary conditions vis-a-vis the increase in energy demand, the average wage,
and the ten percent rule. The results show that solar obstructions and shadows cast
between buildings reduce solar radiation by between 40 and 80%, increasing light-
ing consumption compared to an unobstructed scenario, by between 2 and 498%.
These re-densification scenarios can lead to relevant social issues associated with
energy poverty. Concluding that, to avoid energy poverty, the possible building height
must be limited considering the street width. This research seeks to help public pol-
icy developers in their future decision-making, as it opens up the debate between
high-rise re-densification and energy poverty, presenting risks that are currently not
considered in urban planning.
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1 Introduction

The construction sector is facing major problems such as energy consumption (EC),
energy poverty (EP), and climate change [1]. This phenomenon has attracted the
attention of the scientific community and society, in general, due to its political and
social implications [2, 3].

Some researchhas linked solar access andurbangeometry to a higher or lower like-
lihood of EP [4]. EP is related to the inability of homes to maintain minimum tem-
peratures, have energy services available, or ones that are affordable [2, 5]. There is
a broad consensus that EP emerges as a result of the high energy prices, low family
incomes, buildings with low energy efficiency (EE), inefficient household appliances
[6, 7], and the needs and practices of the occupants [8], discarding the influence of the
urban setting on the increase or reduction of EP. However, the energy performance of
buildings and, therefore, energy expenses for air-conditioning depend on the climate,
the building design, efficient systems, and occupant behavior [9]. Some authors also
introduce the concept of “Inter-BuildingEffects”, highlighting the importanceof fully
understanding the energy issues when considering the complex interactions that are
produced by spatial proximity [10, 11].Within the urbanmorphology, the orientation,
urban density, building height ratio, and street width play a determining role in their
performance [12], and also for a greater or lesser risk of suffering fromEP [4].

City densification is a determining indicator for their planning, an aspect that
is directly linked with the energy use of the buildings [13]. Previous research has
shown that, in latitudes close to the equator, re-densification heights of 200 m to
240 m represent a winter sunlight reduction of between 40 and 70% in a radius of
150 m [14]. On the other hand, in a densification scenario of 60%—the ratio between
the built area and the total area of analysis—the heating demand increases by up to
20%, while in densification scenarios of 30%, it does so by 3% [15]. Under the
same conditions, it has been seen that the lighting demand increases by up to 42%
[16], with the main issue being that the urban canyons considering the highest aspect
have lower potential daylight, and possibly a higher dependence on artificial lighting,
hence the higher energy demand [17].

The city of Quito, under its current growth model, has issues with mobility, ser-
vices, inequality, etc. [18]. The issue of urban city growth has been considered in
territorial organization proposals, but since 1984, it has been acknowledged that
peripheral settlements are a pending problem [19]. Urban sprawl, especially infor-
mal, the result of unplanned occupation or invasion, is the main urban problem in
Quito [20], generating an urban segregation phenomenon and marginalization of
low-income users [21], that increases inequality in the city [22], even generating
labor exclusion patterns linked to residential location and mobility [23].

For this reason, urban planning has sought to re-density urban areas, develop a
compact city model, and contain the sprawl and porosity of the current city. This
urban process falls within the Increased Constructability Ordinance, in areas close to
the city’s first metro line and the Bus Rapid Transit (BRT) system, looking to reduce
the aforementioned issues.
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Although this high-rise growth is not obligatory, it is felt that in the future, these
consolidated areas are transformed and re-densify the current height two-fold, just as
has been seen in Bogotá, Montevideo, Santiago, and Sao Paulo, among others. This
re-densification within a consolidated and irregular sector, such as that of Quito, can
cause solar obstructions that affect both the urban and living space [24].

Currently, lighting covers 28% of the total energy consumption in the residential
sector of the Ecuadorian Highlands [25], an aspect that will increase if solar access
is considerably reduced, which may also entail an increase in Energy Poverty in the
city [26].

There is a lack of research on the impact of urban re-densification regarding the
increase of lighting consumption, and, therefore, EP situations on the equator. For
this reason, the purpose of this article is to assess how the increased constructability
associated with orientation and a number of stories affects solar access, lighting
consumption, and energy poverty in Quito dwellings, to finally establish maximum
height recommendations considering the distance between buildings that limits the
increase of lighting-related energy poverty. To establish this link, the Ten Percent
Rule of Boardman [7] has been used.

This research looks to help public policy developers in future decision-making,
about risks that are currently not considered in urban planning, and that may go
against sustainable development goals linked to the reduction of social inequality,
and the reduction of energy consumption.

2 Methodology

2.1 Urban Reference System

Solar-morphological analysis is circumscribed to the concept of an urban canyon.
For this reason, the first stage of the research comprised establishing the prevailing
urban features of the city of Quito. Concerning the morphological features, a survey
was made of the current high-rise buildings, street widths, and orientations, while to
establish the geometry and orientation of the scenarios, the LandOccupation andUse
Plan (PUOS, in Spanish) and the cadaster of Quito were used. Different scenarios
were defined with this information: one without solar obstruction, and five with the
most typical distances of the urban setting. These scenarios were combined with the
orientations, which were made using the ArcGIS© tool.

2.2 Case Study

The case study, based on the current regulations, was set up on a lot of 400 m2, with
a 20 m face. From this minimum location condition, a floor area of 340 m2 was pro-
posed, with a floor-to-floor height of 4 m, and an 18 m by 2.2 m high sliding window.



316 E. Montes-Villalva et al.

Fig. 1 Analysis scenarios. Critical densification of 36 floors and spacing variations

To characterize the urban canyon, fourteen buildings were randomly chosen in the
study area, with different heights and building features. From these, the material of
the façade, color, texture, and opaque and translucent area percentage were collected
to define the Wall-to-Window Ratio (WWR) and the characteristics associated with
the emissivity and reflectance index of the opaque area, for the solar factor. Their
averages were then applied to both the theoretical building and the solar obstructions,
eliminating the reflection incidence bias in the urban canyon. Thewindow of analysis
was the façade affected by the urban canyon to link the results to the obstruction and
avoid distortions.

The urban canyon comprised five buildings of the same constructive features and
area, varying the distance between the theoretical building and the solar obstruction,
with the different orientations, establishing a total of six distancing scenarios that
were analyzed in the predominant orientations (see Fig. 1). For this document, the
analyses of Scenario 1 (obstruction-free), 2 (minimum distance between theoreti-
cal building-obstruction), and 6 (maximum distance between theoretical building-
obstruction) are shown since these have the most extreme differences.

2.3 Assessment of Solar Access and Lighting Demand

The quantification of the annual incident solar radiation (SR) kWh/m2 was simulated
using Autodesk FormIt 360®, considering the levels captured at the midpoint of the
window on all the floors of the different scenarios and orientations (60 models).
Dynamic simulations of the LD were made using Design Builder®, in an occupation
schedule from 6 am to 6 pm, with an average of 300 lx on the work plane, 85 cm from
the ground. The amount of energy required to cover this lighting need was analyzed
to quantitatively demonstrate, in this way, the impact of the canyon on the energy
behavior of the consolidated environment.
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2.4 Definition of Minimum Conditions

The last stage consisted in establishing the maximum admissible height considering
the impact on the increase in lighting consumption. This analysis was made based on
the EP criterion established by Boardman [7], the ten percent rule, which establishes
that a familywill be in a situation of EP if they allocatemore than 10%of their income
to cover energy costs (air conditioning, domestic hot water, cooking, appliances,
etc.). In the study location, lighting is 28% of the total consumption, and with the
minimum wage of a family group being 700 dollars per month [27], the maximum
expenditure on lighting will be $19.60. Additionally, the energy cost that was used
is a value of 9.51 cents per kWh [28]. The lighting consumption was determined in
dollars with this data, considering theoretical lighting where the demand is equal to
the consumption, to establish the urban geometry conditions where this consumption
thresholdwould be exceeded and, therefore, could entail a situation of energy poverty.

3 Results

The research results have been organized into three sections. The first one is related to
the collection of urban information, findings that make it possible to form the model
of the building and the theoretical urban canyon. The second one shows the variations
in solar radiation and lighting for the different analysis scenarios. The third section
translates the impacts of the radiation and lighting variation in economic terms to
propose recommendations in this regard associated with EP situations.

3.1 Characterization of the Urban and Building Context

The characterization of the urban system has been made based on the heights, street
widths, orientations, and constructive characteristics of the envelopes. First of all,
it is obtained that the building heights allowed in the PUOS have great variabil-
ity, where 63% of the analysis area is allocated to 2 and 4 floors, 29% to 6 and
8 floors, 7% to buildings between 10 and 12 floors, and the rest to buildings are
over 14 floors (1%). This showed that the current building height of the city is
medium-low. However, according to the regulation to increase constructability, four
scales are defined: small scale that includes buildings from1 to 6 floors (4–24 m),
medium scale from7 to 12 floors (28–48 m), intermediate scale from 13 to 18 floors
(52–72 m), and critical scale from 19 to 36 floors (76–144 m). Taking into account
that the maximum height allowed by the Eco-Efficiency Ordinance is 36 floors, this
height is defined for the solar obstruction and the case study. Regarding the width
of streets, about 40% are from 6 to 10 m, 35% from 10 to 14 m, and 9% from 14 to
18 m. For the case study, the 6, 12, 16, 33, and 30 m widths are used, the same ones
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Table 1 Analysis scenarios

Scenario Building height
(H) (m)

Street width (m) Ratio H/W Orientation ◦N

Scenario 1 – – 15◦, 30◦, 45◦,
Scenario 2 6 24 120◦, 150◦,
Scenario 3 144 12 12 165◦, −30◦

Scenario 4 16 9 −60◦, −135◦,
Scenario 5 22 6.5 and −150◦

Scenario 6 30 4.8

as the minimum street widths for increased constructability. As for the orientations,
it is observed that the blocks have a rotation every 15◦ with respect to north, with the
prevailing orientations being 15, 30, 45, 120, 150, and 165◦, and their complements,
since they already have 71% of representativeness in the increased constructability
area. Based on this, it was decided to establish 6 distancing scenarios in the ten most
representative orientations of the urban sector with the maximum height allowed by
the new regulations (see Table 1).

The information collected on the façades shows that the opaque surface ranges
between 21.43 and 79.80%, with an average value of 51.27%, while the translu-
cent surface has percentages between 20.20 and 78.56%, with an average of 48.73%.
Regarding thematerials, the façadeswith brick,mortar (white, brown, andgray), plas-
ter, exposed concrete, and aluminum predominate; materials with emissivities that
are between 0.42 and 0.95 and with reflectance indices between 41 and 90%. On the
translucent surfaces, hermetic single- and double-glazed windows with conventional
features were observed. Therefore, the facade of the building was characterized by
an opaque percentage of 51.27%, with white textured mortar, and a reflectance index
of 54%, while 48.73% of the facade has a window area with a 12.15% reflectance
index, and a luminous transmission coefficient of 39.2% for the glazing.

3.2 Irradiance on Facades and Lighting Demands

3.2.1 Scenario 1: Building Without Solar Obstruction

Scenario 1 determines annual SR values for a 36-story building (144 m) without
solar obstruction in the different orientations. This scenario will be considered the
basis for establishing the SR reduction that the study’s façade receives as a result of
the obstructions.

As can be seen in Tables 2 and 3, the LD is between 7.46 and 7.75 kW h/m2, with
an average value of 7.58 kW h/m2, and the SR, with a greater difference, ranges
from 377 kW to 815 kW h/m2 depending on the orientation, with the façade with
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Table 2 Solar radiation and lighting demand without solar obstruction by orientation

Orientation Solar radiation (kW h/m2year) Lighting demand (kW
h/m2year)

15◦ 568 7.62

30◦ 660 7.68

45◦ 773 7.73

120◦ 815 7.75

150◦ 578 7.72

−165◦ 374 7.68

−150◦ 377 7.60

−135◦ 421 7.55

−60◦ 514 7.46

−30◦ 458 7.47

Table 3 Solar radiation on façade (kW h/m2 year) for Scenario 2 and reduction compared to
Scenario 1 (%)

Ori.a Floor

25 31 34 35 36

15◦ 145 74% 191 66% 330 42% 440 23% 521 8%

30◦ 155 77% 184 72% 324 51% 451 32% 599 9%

45◦ 148 81% 183 76% 319 59% 478 38% 689 11%

120◦ 150 82% 167 80% 163 80% 175 79% 196 76%

150◦ 156 73% 178 69% 279 52% 384 34% 526 9%

−165◦ 145 61% 181 52% 254 32% 295 21% 336 10%

−150◦ 151 60% 174 54% 221 41% 262 31% 335 11%

−135◦ 147 65% 168 60% 271 36% 279 34% 375 11%

−60◦ 148 71% 163 68% 219 57% 298 42% 467 9%

−30◦ 156 66% 181 60% 245 47% 308 33% 419 9%
a Orientation

the highest SR, having an orientation of 120◦ with respect to north, and the lowest
SR, −165◦.

3.2.2 Scenario 2: Urban Canyon Ratio 24

In Fig. 2, the SR reduction due to solar obstruction at 6 m is shown, with this being
between 8 and 11% on the 36th floor and increasing as the number of floors decreases
until reaching the maximum reduction on the 25th floor, where a reduction occurs
between 60% (Orientation −150◦) and 82% (Orientation 120◦), with an average
value of 71%. The highest differences are found on the 33rd and 34th floors, with an
orientation difference reaching 33 and 34%.
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Fig. 2 Percentage of radiation reduction in façade by orientation for an obstruction at 6 m (Ratio
24)

The SR reduction entails an increase in the LDwith respect to Scenario 1 (Without
obstruction) of between 5.1 kW h/m2 (36th floor) and 37.1 kW h/m2 (25th floor)
depending on the orientation. The result is a difference by orientation on the 36th
floor of 4.0 kW h/m2 at most, and on the 25th floor of 1.9 kW h/m2 (see Table 4).
The LD increase on the 25th floor is between 457 and 498% with an average value
of 480% compared to Scenario 1, a condition that is similar for all floors below this.
On the other hand, the top floor (36) has an average LD increase of 84% (see Table
4). Scenario 2 requires on average 42.3 kW h/m2 to cover the LD generated by solar
energy which means 504,188.5 kWh h/m2 annually.

3.2.3 Scenario 6: Urban Canyon Ratio 4.8

Theobstruction at 30mof distance (Scenario 6) shows that theSR reduction stabilizes
around the 5th floor, where a reduction of between 38% (Orientation −165◦) and
76% (Orientation 120◦) occurs, with an average value of 57% (see Fig. 3 and Table
5). The highest differences are found on the 13th and 24th floors, with a difference
by an orientation that reaches 39 and 42%.

6
This scenario generates an average increase in the LD compared to Scenario 1

(Without obstruction) of 0.4 kW h/m2 (36th floor) and 20.2 kW h/m2 (5th floor).
The result is a difference by orientation on the 36th floor of 0.3 kW h/m2 at most,
and on the 5th floor of 2 kW h/m2 (see Table 6). The increase in the LD on the 5th
floor is between 253 and 286% with an average value of 265% compared to the base
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Table 4 Lighting demand (kW h/m2 year) for Scenario 2 and increase over Scenario 1 (%)

Ori.a Floor

25 31 34 35 36

15◦ 42.9 463% 41.4 443% 32.6 328% 24.7 224% 16.1 111%

30◦ 42.8 457% 41.2 437% 34.0 342% 25.8 236% 16.8 119%

45◦ 44.3 473% 41.9 442% 34.0 340% 24.9 222% 12.8 66%

120◦ 44.7 476% 42.8 452% 33.9 338% 23.3 200% 13.0 68%

150◦ 44.4 475% 42.4 449% 33.7 336% 23.5 204% 13.3 73%

−165◦ 44.5 480% 42.7 455% 33.6 338% 24.0 213% 14.0 83%

−150◦ 44.5 485% 42.7 461% 34.1 349% 24.0 216% 13.8 82%

−135◦ 44.7 492% 43.0 470% 34.1 352% 23.5 211% 13.5 79%

−60◦ 44.6 498% 42.9 476% 34.1 358% 23.6 216% 13.5 80%

−30◦ 44.2 492% 42.3 466% 33.6 350% 23.5 215% 13.3 77%
a Orientation

Fig. 3 Percentage of radiation reduction on façade by orientation for an obstruction at 6 m (Ratio
4.8)

scenario, a condition that is similar for all floors below this. On the other hand, the
top floor (36) has an average LD increase of 6%, which entails a difference of 78%
from Scenario 2. In this scenario, the theoretical building requires 23.3 kW h/m2

on average to cover the lighting demand generated by the solar obstruction, which
means 276,971.3 kWh a year for the entire building.
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Table 5 Solar radiation on façade (kW h/m2 year) for Scenario 6 and reduction from Scenario 1
(%)

Ori.a Floor

5 20 30 36

15◦ 290 49% 351 38% 476 16% 566 0%

30◦ 232 65% 287 57% 469 29% 655 1%

45◦ 258 67% 306 60% 534 31% 770 0%

120◦ 193 76% 243 70% 506 38% 809 1%

150◦ 234 60% 272 53% 417 28% 574 1%

−165◦ 232 38% 262 30% 312 17% 374 0%

−150◦ 196 48% 219 42% 285 24% 376 0%

−135◦ 215 49% 233 45% 315 25% 420 0%

−60◦ 177 66% 210 59% 330 36% 508 1%

−30◦ 199 57% 240 48% 345 25% 311 32%
a Orientation

Table 6 Lighting demand (kW h/m2 year) for Scenario 6 and increase over Scenario 1 (%)

Ori.a Floor

5 20 30 36

15◦ 26.9 253% 24.0 215% 17.5 130% 8.1 6%

30◦ 27.8 261% 25.2 229% 18.1 135% 8.1 6%

45◦ 28.5 269% 25.7 233% 17.7 129% 7.9 2%

120◦ 29.1 275% 26.2 238% 18.0 133% 8.2 6%

150◦ 27.3 254% 25.0 223% 17.9 132% 8.2 6%

−165◦ 27.6 260% 24.7 221% 17.8 131% 8.1 6%

−150◦ 27.4 260% 24.9 228% 17.9 135% 8.1 6%

−135◦ 27.4 263% 24.7 228% 17.1 127% 8.0 6%

−60◦ 28.8 286% 25.9 247% 17.7 137% 7.9 6%

−30◦ 27.6 270% 25.1 236% 17.9 140% 8.0 6%
a Orientation

3.3 Minimum Site Conditions

Considering that the increase in lighting consumption associated with urban den-
sification may lead to an increase in EP situations, it has been established that the
maximumconsumption that a family should allocatemonthly to lighting isUS$19.60.
This value has been taken as a reference to determine the maximum number of floors
to guarantee solar access based on the distance between buildings. As can be seen
in Table 7, the difference in energy expenditure between floor 1 of Scenario 2 and
Scenario 6 is between $9.19 and $ 10.99, with an average value of $10.28, with there
being no major differences associated with orientation. Within each scenario, there
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Table 7 Monthly lighting cost (USD) by scenario, floor, and orientation

Floor Orientation (◦N)
–165 –150 –135 –60 –30 15 30 45 120 150

Scenario 2 1 28.54 28.50 28.64 28.58 28.35 27.37 26.95 28.61 28.62 28.51

Ratio 24 25 28.24 28.19 28.31 28.26 28.05 27.21 27.10 28.06 28.31 28.13

31 27.04 27.04 27.26 27.22 26.80 26.22 26.13 26.54 27.12 26.86

34 21.32 21.62 21.64 21.65 21.29 20.66 21.54 21.54 21.50 21.35

35 15.23 15.20 14.90 14.95 14.92 15.66 16.36 15.77 14.74 14.89

36 8.89 8.75 8.55 8.53 8.40 10.18 10.67 8.11 8.26 8.45

Scenario 6 1 18.08 17.54 17.84 18.79 17.66 17.30 17.76 18.50 18.87 17.52

Ratio 4.8 5 17.52 17.35 17.37 18.25 17.51 17.07 17.59 18.07 18.42 17.34

20 15.63 15.81 15.69 16.40 15.93 15.21 15.99 16.32 16.61 15.83

30 11.27 11.32 10.86 11.21 11.36 11.12 11.44 11.22 11.44 11.35

36 5.15 5.13 5.08 5.02 5.04 5.13 5.14 5.02 5.20 5.19

are important differences in the monthly energy cost, with the average difference
between floors 1 and 36 of Scenario 2 being $19.39 and for Scenario 6, $12.88,
which shows that solar obstructions can generate important energy inequalities.

In Fig. 4, it is observed that for Scenario 2 (distance of 6m), themaximumbuilding
height must be 8 m to be under the established consumption limit, that is, 2 floors or a
ratio of 1.33, while for Scenario 6 (distance of 30 m) it is feasible to project 36 floors
(144 m) or a ratio of 4.8. Based on these results and those obtained for scenarios 2,
3, 4, and 5, a distance of 12 m between buildings was determined. The maximum
building height will be 20 m, namely 5 floors or a ratio of 1.66; for a distance of 16
m, the maximum building height will be 32 m, namely 8 floors or a ratio of 2; and
for a distance of 22 m, the maximum building height will be 48 m, namely 12 floors
or a ratio of 2.18.

Therefore, according to the results of Sect. 3.1 for the urban fabric of Quito,
high-rise re-densification should be limited based on the current distance between
buildings or street widths, establishing 4 floors for 50% of streets that have a width of
less than 10 m, between 4 and 6 floors for 33% of streets that have a width between
10 and 14 m, and between 6 and 9 floors for 9% of streets that have a width between
14 and 18 m.

4 Discussion

Many Latin American cities are facing the problem of urban sprawl, which generates
problems of segregation,marginalization, and exclusion linked to residential location
and mobility [21–23]. In this sense, re-densification policies are being generated that
can affect the energy consumption of both public and domestic grid systems [26].
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Fig. 4 Maximum number of floors recommended considering the distance from solar obstruction

In Quito, street widths and the morphological orientation of the city respond
to the adaptation to the interstices between ravines and hillsides, the result of a
complex socio-spatial process and several late urban development plans regarding
urban growth control where the minimum conditions for a height re-densification
model may conflict with one another.

Some authors indicate that the urban orientation in the east-west direction is more
favorable in terms of solar access [29], decreasing as it moves away from the equator
[30].However, the results of Scenario 1 show that the greatest solar radiation occurs in
the southeast orientation (120◦N). On the other hand, it was found that the reduction
of incident solar radiation on the building is mainly related to the distance from the
obstruction and its height, with orientation passing to the second plane. This was
previously studied by Bournas and Dubois [31] and Bournas et al. (2021) in Sweden,
where 54 buildings were evaluated, and it was shown that the performance for each
typology is significantly dependent on the surrounding obstructions [31]. However,
for the set of orientations evaluated, the average incident radiation ranges from 145
to 809 kW h/m2, with the most unfavorable orientation (−165◦N) being between
145 and 336 kW h/m2. Therefore, the east-west orientation is not the most favorable
for all urban sectors, despite being on the equator.

The results show that the shade generated under a high-rise re-densification sce-
nario reduces the SR by between 40 and 80%, findings that differ from the study
carried out in Bogotá where the reduction found was between 30 and 50% [32].
This variation in SR causes an LD associated with solar obstructions, which ranges
from 7.90 to 44.70 kW h/m2, entailing an increase from the unobstructed scenario
of between 2 and 498% for the most unfavorable case. This increase decreases as the
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distance from the solar obstruction increases, with the average difference between
Scenario 2 (obstruction at 6 m) and Scenario 6 (obstruction at 30 m) for the most
unfavorable floor being 214%.

This coincides with the research carried out by Strømann-Andersen and Sattrup
[33] inCopenhagen,who indicated thatwith respect to unobstructed surroundings, an
urban canyon with a ratio of 3.0 could multiply energy consumption by sixfold [33].
Although it can be indicated that the findings regarding the increase or decrease in the
use of energy in buildings are quite diverse, some authors indicate that an increase
in urban density may imply a reduction in energy consumption associated with a
reduction in energy gains and losses [34, 35], and others consider that there is a
trade-off between the reduction of heat losses, solar radiation, and natural lighting
that implies an increase in energy consumption [36–38]. In the case of Quito, where
the consumption associated with air conditioning is very low, this is, without a doubt,
the second situation.

On the other hand, the increase in lighting demand means an increase of up to
about 30 dollars per month, per housing unit, exceeding the maximum admissible
10% of the monthly salary, destined for lighting. Therefore, according to the results
obtained, the building height should be limited considering the lighting consumption
to reduce an increase in energy poverty. The needs for additional research regarding
solar access planning are significant, and the available literature is scarce, which
points to a knowledge gap, just as Kanters et al. [38] pointed out.

These findings should be evaluated with caution due to two methodological limi-
tations that may compromise their external validity. The first limitation is due to the
materiality characteristics of the urban canyon both in terms of reflectance and the
material of the envelope since these variables have a great impact on the results. The
second limitation corresponds to that this study has not analyzed the effects of the
urban canyon on the demand for air-conditioning, so it would be interesting to inves-
tigate the behavior of theoretical models with another mode of location (detached)
to compare these against these results.

5 Conclusions

Solar energy has the potential to reduce consumption in certain climates, helping
to address the problems associated with energy consumption and poverty. Research
on urban morphology and its relationship with daylighting has been studied for a
long time, generating regulations and laws in some cases. In the city of Quito, urban
growth is taking place that can cause solar obstructions that affect both urban and
residential space.

This research has focused on assessing how the rise of constructability affects
solar access, and its impact on lighting consumption in high-rise homes in the city
of Quito to establish maximum heights considering the distance between buildings,
which reduces energy poverty associated with lighting.
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The characterization of the urban system of Quito has allowed showing that the
current building height of the city is medium-low, with 63% of the area devoted to
buildings between 2 and 4 floors, and 29% to buildings between 6 and 8. 40% of
the streets have a width between 6 and 10 m, and 35% between 10 and 14 m, while
the prevailing orientations are 15, 30, 45, 120, 150, and 165◦ and complements, with
respect to the north (71% of representativeness).

The re-densification scenarios studied have allowed observing that the reduction
in average solar radiation can be between 71% (Scenario 2) and 57% (Scenario 6),
and has a determining influence on the orientation and the floor where the dwelling is
located. These reductions can mean an average increase in lighting consumption of
between 480% (Scenario 2) and 265%, being able to rise from a lighting consumption
of 7.58 kW h/m2 without obstruction, to an average of 42.3 kW h/m2 in the most
unfavorable case.

The results recommend that to avoid an increase in EP in the city of Quito, the
height should be limited to 4 floors for streets with a width of less than 10m, between
4 and 6 floors for those with a width between 10 and 14 m, and between 6 and 9
floors for streets with a width between 14 and 18 m, where those cases with a greater
height should be studied in detail.

Re-densification is an opportunity to stop the deterioration of the natural landscape
and the decline of productive areas or agricultural land. Currently, planning policies
are being developed which seek that the city centers with their services, amenities,
transport, etc. handle the largest number of people, promoting an increase in housing
density. These processes have a strong impact on the solar access of buildings, as
has been shown in the results, therefore, urban development plans at the equator
should consider the proportionality of the building height and the distancing from
the surroundings, and to a lesser extent, the location’s orientations.

Ultimately, this research seeks to help public policy developers in their future
decision-making about risks that are currently not considered in urban planning by
opening the debate on the relationship between urban re-densification and energy
poverty, showing that increased height may result in an increase in energy poverty,
or less light comfort for the families, something that can certainly be inconsistent
with the sustainable development objectives linked to a reduction in social inequality.
Therefore, these aspects should be incorporated into urban planning updates in the
near future.

Acknowledgements This research was developed within the framework of the Master’s Program
in Sustainable Habitat and Energy Efficiency of Universidad del Bio-Bio. The authors acknowledge
the support provided by the academic team of the program and the Environmental Comfort and
Energy Poverty research group of Universidad del Bio-Bio (GI/C 19450).



Impact of Urban Re-Densification on Light Consumption and Energy Poverty . . . 327

References

1. Santamouris M (2016) Innovating to zero the building sector in europe: Minimising the energy
consumption, eradication of the energy poverty and mitigating the local climate change. Solar
Energy 128:61–94. https://doi.org/10.1016/j.solener.2016.01.021

2. Bouzarovski S, Petrova S (2015) A global perspective on domestic energy deprivation: Over-
coming the energy poverty-fuel poverty binary. Energy Res Soc Sci 10:31–40. https://doi.org/
10.1016/j.erss.2015.06.007

3. González-EguinoM (2015) Energy poverty: An overview. Renew Sustain Energy Rev 47:377–
385. https://doi.org/10.1016/j.rser.2015.03.013

4. Pérez-FargalloA,Rubio-BellidoC, Pulido-Arcas JA, TrebilcockM (2017)Development policy
in social housing allocation: Fuel poverty potential risk index. Indoor Built Environ 26:980–
998. https://doi.org/10.1177/1420326X17713071

5. Pérez-Fargallo A, Rubio-Bellido C, Pulido-Arcas JA, Guevara-García FJ (2018) Fuel poverty
potential risk index in the context of climate change in Chile. Energy Policy 113:157–170.
https://doi.org/10.1016/j.enpol.2017.10.054

6. Ambrose AR (2015) Improving energy efficiency in private rented housing: Why don’t land-
lords act? Indoor Built Environ 24:913–924. https://doi.org/10.1177/1420326X15598821

7. Boardman B (2009) Fixing fuel poverty. Routledge, London. https://doi.org/10.4324/
9781849774482

8. Love J, Cooper AC (2015) From social and technical to socio-technical: Designing integrated
research on domestic energy use. Indoor Built Environ 24:986–998. https://doi.org/10.1177/
1420326X15601722

9. Baker N, Steemers K (2003) Energy and environment in architecture: A technical design guide.
Taylor & Francis Group

10. Curreli A (2016) El acceso solar a la escala del tejido urbano. El enfoque morfológico y
el método de análisis comparativo aplicados al caso de Barcelona. PhD thesis, Universitat
Politècnica de Catalunya, Barcelona, Spain. http://hdl.handle.net/10803/392707

11. Wang P, Liu Z, Zhang L (2021) Sustainability of compact cities: A review of inter-building
effect on building energy and solar energy use. Sustain Cities Soc 72:103035. https://doi.org/
10.1016/j.scs.2021.103035

12. Sanaieian H, Tenpierik M, van den Linden K, Seraj FM, Shemrani SMM (2014) Review of
the impact of urban block form on thermal performance, solar access and ventilation. Renew
Sustain Energy Rev 38:551–560. https://doi.org/10.1016/j.rser.2014.06.007

13. Quan SJ, Li C (2021) Urban form and building energy use: A systematic review of measures,
mechanisms, and methodologies. Renew Sustain Energy Rev 139:110662. https://doi.org/10.
1016/j.rser.2020.110662

14. Franco-Medina R, Bright-Samper PJ (2016) Acceso solar en la arquitectura y la ciudad. aprox-
imación histórica. Revista de Arquitectura 18:95–106. https://doi.org/10.14718/RevArq.2016.
18.2.9

15. Tereci A, Ozkan STE, Eicker U (2013) Energy benchmarking for residential buildings. Energy
Build 60:92–99. https://doi.org/10.1016/j.enbuild.2012.12.004

16. Han Y, Taylor JE, Pisello AL (2017) Exploring mutual shading and mutual reflection inter-
building effects on building energy performance. Appl Energy 185:1556–1564. https://doi.org/
10.1016/j.apenergy.2015.10.170

17. KrügerE, SugaM(2009)Recommendations of height restrictions for urban canyons inCuritiba,
Brazil. J Asian Architect Build Eng 8:447–452. https://doi.org/10.3130/jaabe.8.447

18. Carrión F, Espinosa JE (2012) La forma urbana de Quito: una historia de centros y periferias*.
Bulletin de l’Institut français d’études andines 41:503–522. https://doi.org/10.4000/bifea.361

19. Peralta Arias J, Higueras García E (2016) Sustainable urban evaluation of Quito’s master plans.
Period 1942–2012. Estoa 005:21–34. https://doi.org/10.18537/est.v005.n009.03

20. Cuvi N (2016) Un análisis de la resiliencia en Quito, 1980–2015. Bitácora Urbano Territorial
25:35. https://doi.org/10.15446/bitacora.v2n25.52036

https://doi.org/10.1016/j.solener.2016.01.021
https://doi.org/10.1016/j.erss.2015.06.007
https://doi.org/10.1016/j.erss.2015.06.007
https://doi.org/10.1016/j.rser.2015.03.013
https://doi.org/10.1177/1420326X17713071
https://doi.org/10.1016/j.enpol.2017.10.054
https://doi.org/10.1177/1420326X15598821
https://doi.org/10.4324/9781849774482
https://doi.org/10.4324/9781849774482
https://doi.org/10.1177/1420326X15601722
https://doi.org/10.1177/1420326X15601722
http://hdl.handle.net/10803/392707
https://doi.org/10.1016/j.scs.2021.103035
https://doi.org/10.1016/j.scs.2021.103035
https://doi.org/10.1016/j.rser.2014.06.007
https://doi.org/10.1016/j.rser.2020.110662
https://doi.org/10.1016/j.rser.2020.110662
https://doi.org/10.14718/RevArq.2016.18.2.9
https://doi.org/10.14718/RevArq.2016.18.2.9
https://doi.org/10.1016/j.enbuild.2012.12.004
https://doi.org/10.1016/j.apenergy.2015.10.170
https://doi.org/10.1016/j.apenergy.2015.10.170
https://doi.org/10.3130/jaabe.8.447
https://doi.org/10.4000/bifea.361
https://doi.org/10.18537/est.v005.n009.03
https://doi.org/10.15446/bitacora.v2n25.52036


328 E. Montes-Villalva et al.

21. DuránG,MartíM,Mérida J (2016) Crecimiento, segregación ymecanismos de desplazamiento
en el periurbano de Quito. Íconos–Revista de Ciencias Sociales, pp 123–146. https://doi.org/
10.17141/iconos.56.2016.2150

22. Carrión F, Pinto JP (2019) Producción y organización espacial de viejas y ‘nuevas” desigual-
dades en Quito. Andamios Revista de Investigación Social 16:101. https://doi.org/10.29092/
uacm.v16i39.676

23. Herrero Olarte S (2021) Identifying patterns of labor exclusion by residencial causes in south
america: The case of Quito. J Urban Reg Anal 13. https://doi.org/10.37043/JURA.2021.13.2.
11

24. Cárdenas Jirón LA, Vásquez Palau JP, Zamorano JC, Acevedo C (2016) Explorando luz solar
en modelos de desarrollo inmobiliario. Aplicaciones en cinco ciudades chilenas. Revista de
Urbanismo 158–173. https://doi.org/10.5354/0717-5051.2016.40394

25. Baquero M, Quesada F (2016) Eficiencia energética en el sector residencial de la ciudad de
Cuenca, Ecuador. MASKANA 7:147–165. https://doi.org/10.18537/mskn.07.02.11

26. Poruschi L, Ambrey CL (2018) Densification, what does it mean for fuel poverty and energy
justice? An empirical analysis. Energy Policy 117:208–217. https://doi.org/10.1016/j.enpol.
2018.03.003

27. Comercio EL (2017) INEC: El ingreso de la familia típica en ecuador es USD 700 mensuales,
en promedio | El Comercio. https://www.elcomercio.com/actualidad/inec-ingreso-familia-
ecuador-sueldo.html

28. ARCONEL (2018) Estadísticas Anuales y Multianual del Sector Eléctrico Ecuatoriano.
Ecuador. https://www.controlrecursosyenergia.gob.ec/wp-content/uploads/downloads/2020/
08/EstadC3ADsticaAnualMultianual2018.pdf

29. Knowles RL (2003) The solar envelope: its meaning for energy and buildings. Energy Build
35:15–25. https://doi.org/10.1016/S0378-7788(02)00076-2

30. Decker KD (2012) The solar envelope: how to heat and cool cities without fossil fuels. https://
solar.lowtechmagazine.com/2012/03/solar-oriented-cities-1-the-solar-envelope.html

31. Bournas I, Dubois MC (2019) Daylight regulation compliance of existing multi-family apart-
ment blocks in Sweden. Build Environ 150:254–265. https://doi.org/10.1016/j.buildenv.2019.
01.013

32. Franco-Medina R, Bright P, Benitez J, Beckers B (2016) A study of solar access in Bogotá:
the Las Nieves neighborhood. In: FICUP an international conference on urban physics

33. Strømann-Andersen J, Sattrup P (2011) The urban canyon and building energy use: Urban
density versus daylight and passive solar gains. Energy Build 43:2011–2020. https://doi.org/
10.1016/j.enbuild.2011.04.007

34. Kontokosta CE (2012) In: Predicting Building Energy Efficiency Using NewYork City Bench-
marking Data, pp 163–174. https://www.aceee.org/files/proceedings/2012/data/papers/0193-
000114.pdf

35. Rodríguez-Álvarez J (2016)Urban energy index for buildings (UEIB): a newmethod to evaluate
the effect of urban form on buildings” energy demand. Landscape Urban Plan 148:170–187.
https://doi.org/10.1016/j.landurbplan.2016.01.001

36. Quan J (2016) Density and energy performance of solar powered buildings in the urban context.
PhD thesis, Georgia Institute of Technology. http://hdl.handle.net/1853/58618

37. Šprah N, Košir M (2019) Daylight provision requirements according to EN 17037 as a restric-
tion for sustainable urban planning of residential developments. Sustainability 12:315. https://
doi.org/10.3390/su12010315

38. Kanters J, Gentile N, Bernardo R (2021) Planning for solar access in Sweden: routines, metrics,
and tools. Urban PlanTranspRes 9:347–367. https://doi.org/10.1080/21650020.2021.1944293

https://doi.org/10.17141/iconos.56.2016.2150
https://doi.org/10.17141/iconos.56.2016.2150
https://doi.org/10.29092/uacm.v16i39.676
https://doi.org/10.29092/uacm.v16i39.676
https://doi.org/10.37043/JURA.2021.13.2.11
https://doi.org/10.37043/JURA.2021.13.2.11
https://doi.org/10.5354/0717-5051.2016.40394
https://doi.org/10.18537/mskn.07.02.11
https://doi.org/10.1016/j.enpol.2018.03.003
https://doi.org/10.1016/j.enpol.2018.03.003
https://www.elcomercio.com/actualidad/inec-ingreso-familia-ecuador-sueldo.html
https://www.elcomercio.com/actualidad/inec-ingreso-familia-ecuador-sueldo.html
https://www.controlrecursosyenergia.gob.ec/wp-content/uploads/downloads/2020/08/EstadC3ADsticaAnualMultianual2018.pdf
https://www.controlrecursosyenergia.gob.ec/wp-content/uploads/downloads/2020/08/EstadC3ADsticaAnualMultianual2018.pdf
https://doi.org/10.1016/S0378-7788(02)00076-2
https://solar.lowtechmagazine.com/2012/03/solar-oriented-cities-1-the-solar-envelope.html
https://solar.lowtechmagazine.com/2012/03/solar-oriented-cities-1-the-solar-envelope.html
https://doi.org/10.1016/j.buildenv.2019.01.013
https://doi.org/10.1016/j.buildenv.2019.01.013
https://doi.org/10.1016/j.enbuild.2011.04.007
https://doi.org/10.1016/j.enbuild.2011.04.007
https://www.aceee.org/files/proceedings/2012/data/papers/0193-000114.pdf
https://www.aceee.org/files/proceedings/2012/data/papers/0193-000114.pdf
https://doi.org/10.1016/j.landurbplan.2016.01.001
http://hdl.handle.net/1853/58618
https://doi.org/10.3390/su12010315
https://doi.org/10.3390/su12010315
https://doi.org/10.1080/21650020.2021.1944293


Multi-Objective Optimization of Energy
Efficiency and Thermal Comfort
Applying the MOOM Tool in Public
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Abstract Buildings are responsible for 40% of the world’s energy demand and CO2
emissions. InArgentina, buildings representmore than 40%of the total annual energy
consumption. Energy-saving strategies can cause thermal discomfort for building’s
inhabitants, compromising their health and performance. The problem centers on
an imbalance between providing a high quality of life and comfort in interior office
spaces and the high energy cost required to meet that objective. Both a high level
of comfort and energy savings represent two objectives to be achieved. This paper
proposes a new methodology that combines in situ measurement with mathematical
simulation tools. Innovative techniques and models are incorporated for the elab-
oration of the MOOM optimization tool, applying thermal-energy multi-objective
optimization, which operates dynamically during working hours. Results show sig-
nificant savings for energy consumption for cooling office spaces in summer, from
57.5 to 83.3%, together with an increase in the quality of thermal comfort, with
improvements between 4.7 and 29.4%.
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1 Introduction

Buildings worldwide represent around 40% of energy use, naturally constituting
potential scenarios for saving energy and emissions [1]. Modern man spends most
of his time indoors, 80–90% [2]. Multiple studies have validated thermal comfort
as one of the variables that most affect indoor comfort and the energy efficiency
of buildings [3–5]. Several international studies validate the perspective of adaptive
thermal comfort as a key energy-saving strategy in office buildings [6–8], leading to
savings in the range of 30–60%, especially when the evolution of the external climate
is taken into account.

Previous studies developed in the project PICT2009-0014 Res.N◦304/2010,
“EEC, Energy Efficiency and Comfort in Work Spaces”, and Ph.D. studies [9], in
the city of San Juan, Argentina, grounds the thermal dissatisfaction of the inhabi-
tants with their work environment and the potential of multi-objective optimization
to improve energy efficiency and achieve significant savings.

The relationship between design variables of the architectural project and energy
efficiency is explored in [10, 11]. In the Cuyo region, [12] develops a probabilistic
methodology for economic energy and thermal comfort optimization applied to the
residential environment. In the Argentine Litoral region, although not from archi-
tecture but rather computational mechanics, the Computational Methods Research
Center (CONICET-UNL), has studied the application of BES (Building Energy Sim-
ulation) for the reduction of energy consumption [13–17].

It is especially relevant to consider the adaptability of inhabitants and the cli-
matic variables of the site in real time, especially the outdoor temperature (Tem),
to define acceptance ranges [18, 19]. Optimization of the building’s operation is
necessary [20], and the development of multi-objective optimization in real time
between energy efficiency and thermal comfort of the inhabitants. These variables
conflict since significant energy saving in the air conditioning energy system can
result in indoor thermal discomfort conditions for the inhabitants. In turn, the energy
consumption of buildings significantly depends on the demands of the indoor envi-
ronment, which affects health, performance, and comfort [21].

The genetic algorithms, “MOGA” (Multi-objective Genetic Algorithm), and par-
ticle optimization algorithms, “PSO” (Particle Swarm Optimization), are the most
commonly used to optimize energy performance and comfort in buildings [5], due
to their favourable characteristics and a wide degree of applicability [22]. The math-
ematical theory of genetic algorithms or “MOGA” is presented in Coello et al. [23]
and its applications to HVAC system optimization are presented by [24–27], among
others. Genetic algorithms turn out to be very useful to search for an optimal pre-
ferred solution within a set of possible solutions in static situations [28]. However,
they have difficulties in defining possible solutions for dynamic control due to the
randomness that characterizes the operations. Less-used heuristic “ant colony opti-
mization” algorithms have shown very good performance in dynamic situations [29].
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In this chapter, a novel application of the MIDACO (Mixed Integer Distributed
Ant Colony Optimization) algorithm is presented for solving an architectural opti-
mization problem.

2 Methodology

2.1 In Situ Measurement and Mathematical Simulations

The measurement methodology is based on conducting a systematic data collection
procedure. To measure thermal comfort in situ, a HOBO type U12-006 temperature
andhumidity sensor (interior temperature) is used, anchored to amobilemeasurement
device that facilitates movement inside the building [9]. At the time of measurement,
in each office space, the mobile sensor is located 0.90 ±0.2 m above floor level
and within a radius of no more than one meter from the workplace of the evaluated
inhabitant, making it possible to capture the perceived environmental conditions.
This measurement provides objective data on thermal comfort. Outdoor temperature
data is collected by a UA-001-64 type sensor fixed on the rooftop. In parallel to
the measurement with sensors, a comfort survey is run, which provides subjective
information on the inhabitant regarding their workspace. Information on the comfort
vote (CV) is obtained from a 7-point scale survey [9].

Data on activity level (MET) and clothing (CLO) are also obtained, based on the
ISO 7730 thermal comfort standard.

The measurement is made from Monday to Friday from 8:00 a.m. to 1:30 p.m.
in weeks that have typical climatic conditions for each period of the year (summer,
transitory, and winter).

2.2 Study Cases

The four selected case studies (See Fig. 1) represent the highest percentage of annual
energy consumption in the city of San Juan [30], in Argentina’s bioenvironmental
zone III-Awith a drywarm temperate climate, an average annual outdoor temperature
of 17.2◦C, and average relative humidity of 53% [31].

Based on the parameters stated, the significant sample of the studied cases corre-
sponds to the following buildings (See Table 1):

1. Centro Cívico–Civil Center (CCV)
2. Obras Sanitarias Sociedad del Estado–State Sanitary Works (OSE)
3. Edificio Central de la Universidad Nacional de San Juan–Central Building at the

San Juan National University (ECU)
4. Municipalidad de la Capital–Capital’s Municipal Building (MUN)



332 B. D. Arballo et al.

Fig. 1 Office buildings that represent the highest consumption of electrical energy (kW h/m2 year)
in the city of San Juan, Argentina. Data from [30]

Table 1 Study cases relevant information [9]

I II III IV

A B

Name CCV OSE MUN ECU

Total area (m2) 80873 2455 4920 5320

Energy consumption
(kW h/m2 year)

335 158 137 126

Survey population 885 84 86 49 121

2.3 Multi-Objective Optimization with MIDACO (MOOM)

Solving this multi-objective optimization problem between energy efficiency and
thermal comfort implies making the best decision from a set of elements. In math,
optimization is related to the process of obtaining the maximum or minimum of one
or more evaluation functions of a system. According to the problem’s complexity,
a mono-objective optimization (single variable) or a multi-objective optimization
can be considered. In a multi-objective optimization problem, there are a series of
evaluation functions that compete with each other, so it is not possible to speak of a
single optimal solution value but of a set of values that satisfy one objective or the
other to a greater degree. This set of solutions meets the Pareto Optimality Criterion
[23].

The objective functions are designed based on measured data. The data matri-
ces and the evaluation functions are loaded into the MATLAB simulation program.
The implementation of the MIDACO multi-objective optimization algorithm allows
finding the spectrum of possible solutions (Pareto Optimum Set or Pareto front) to
which a “preferred solution” is applied to reach the definitive optimum. Generally,
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Table 2 Comfort Vote (CV) equations for each building [9]

Building Comfort vote equation

CCV CV = 0.274 ∗ top(k) − 6.169

ECU CV = 0.365 ∗ top(k) − 8.955

MUN CV = 0.355 ∗ top(k) − 8.842

OSE CV = 0.081 ∗ top(k) − 1.849

the preferred solution is the “L2 norm” or ideal vector with normalized distance to
the point of utopia. Multi-objective optimization of each typical office space from
each building is carried out in summer, which is the most energy-demanding period
of the year. Through the optimization tool, it is possible to achieve energy savings
by meeting high-level thermal comfort expectations.

For validation (Sect. 3.2), comfort vote (CV) equations are uploaded into the
optimization system, based on the relation between operative temperature evolution
and CV of the inhabitants taken from measured data (only for the summer period)
(See Table 2).

The thermal comfort value is expressed as Disc (% of inhabitants dissatisfied
with their thermal environment). A maximum value is set for Discmax = 15 and
a minimum for DiscObj = 7. The DiscObj variable is obtained from the adopted
thermal comfort model [32]. The energy demand variable En is marked in the figures
with dotted lines on the (x) axis (See Sect. 3.2).

Concerning the summer period energy consumption (“sp”), the following data is
used for the optimization [30]: CCV = 137.5 kW h/m2 sp; OSE = 71.1 kW h/m2

sp; MUN = 50.7 kW h/m2 sp; ECU = 56.9 kW h/m2 sp.

2.3.1 MOOM Optimization Problem Definition

The fundamental variables that affect decision-making on objective or evaluation
functions during the dynamic operation of the multi-objective optimization system
are detailed below.

The vector of decision variables is defined as

x = SP(1) SP(2) SP(floor(l/p)) % Setpoint of AC (◦C)
va(1) va(2) va(floor(l/p)) % Air velocity (m/s)
F(1) F(2) F(floor(l/p))] % Operating mode {1,2,3}

Decision variables are updated for every “n” sampling interval. F is an input
variable that differentiates the operating modes:

1. F1: Closed windows, air conditioning (AC) turned off, ceiling fans move the air
inside the office.

2. F2: Cross ventilation with outdoor air intake. AC turned off.
3. F3: AC on. Ceiling fans are possibly on.
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2.3.2 Evaluation Functions

Five evaluation functions are determined and all refer to the period when the work
schedule takes place [33]:

1. Energy Demand:Where AC is a vector that runs through the entire work schedule
where its elements are 0 if the AC is off and 1 if it is on. Therefore, En is not an
absolute demand in (W h) but a relative demand measured as a ratio of activation
times to the total time of the working hours (1)

f 1(x) = En =
∑nw2

k=nw1
ua(k)

nw2 − nw1
(1)

2. Root mean square of Disc: DiscObj target is defined, typically = 7% (minimum
possible percentage of dissatisfied), based on the thermal comfort model defined
in [32]. When the Disc variable is less than DiscObj, the equation takes the form
of (2), otherwise, it takes the form of (3).

f 2(x) =
∑nw2

k=nw1
(Disc(k) − DiscObj)2

nw2 − nw1
∀ Disc(k) > DiscObj (2)

f 2(x) =
∑nw2

k=nw1
(− 10

DiscObj Disc(k) + 10000)

nw2 − nw1
∀ Disc(k) ≤ DiscObj (3)

3. AC set point (SP) variations control: The difference between each AC setpoint is
calculated, SPAC(k) and the one applied in the previous instance, SPAC (k − 1).
This difference is squared to obtain an always positive value and magnify the
effect, with the aim of minimizing changes and avoiding high oscillations in the
indoor temperature (ta) (4).

f 3(x) =
∑nw2

k=nw1
(SPAC (k) − SPAC(k − 1))2

nw2 − nw1
(4)

4. Air velocity (va) variations control: This (5) responds to the same logic used in
(4).

f 4(x) =
nw2∑

k=nw1

(va(k) − va(k − 1))2 (5)

5. Control of the number of changes in operating mode F: This function (6) tends
to minimize variations in operating modes F. It responds to the same logic used
in (4).

f 5(x) =
nw2∑

k=nw1

(F(k) − F(k − 1))2 (6)
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6. Restriction function: PreventDisc from exceedingDiscMax. The system activates
the F3 operating mode when the operative temperature (top) exceeds the admis-
sible values regarding the restriction of the maximum percentage of dissatisfied
DiscMax (7).

Disc(k) < DiscMax∀hw(1) < k < hw(2) (7)

3 Results

3.1 Thermal Comfort

For the thermal comfort evaluation, the ISSO 74, 2014 standard is considered with
the objective of class B buildings, defined in Boerstra et al. [18].

According to the ISSO 74, 2014 standard, all workspaces in the CCV building are
determined as Beta (β) type [18]. The expectation level of indoor thermal comfort
is defined as normal, category B. 80% of office spaces analyzed do not have access
to window opening (fundamental strategy to restore personal comfort), and personal
moving of the thermostat is not allowed. The average metabolic rate (MET) values
are 1.35 (considered normal by ISSO 74). The CLO (clothing insulation) values
average is 1.44 (values for normal office wear regulations).

In the annual data compendium (See Fig. 2), it can be seen that 70% of the data is
included in the 90% acceptability area, complying with the average level of thermal
comfort based on the limits proposed in ISSO [34] for office spaces type β, class B.

For the ECU building, the office spaces are determined as type β. The expectation
level of indoor thermal comfort is defined as normal, category B. The office spaces
have access to openingwindows (a fundamental strategy to restore personal comfort),
but a personal modification of the thermostat is not allowed. In all spaces, the air
conditioning system is clearly perceived. The average metabolic rate (MET) value
is 1.40. The CLO value (clothing insulation) is 0.76 for summer and 1.44 for winter
(normal values for office spaces). For the summer period, 14% of data are within
class B (90% acceptability) and an average acceptability percentage of 86%. For the
transitory period, 88% of data coincides with the class B area. For the winter period,
92% of data corresponds to the class B area.

In the annual data compendium (See Fig. 2), it can be seen that 82% of data
is included in the 90% acceptability area, complying with a medium/high thermal
comfort level based on the limits proposed in ISSO [34] for spaces of type β, class
B. The summer period is the most critical period of the year in relation to the thermal
acceptability of the inhabitants of ECU.

In the annual compendium of data for the MUN building (See Fig. 2), it can be
seen that 78% of data is included in the acceptability area of 90%, complying with
the average thermal comfort level based on the limits proposed in ISSO [34] for
office spaces type β, class B.
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Fig. 3 Left: Hourly evolution of operating modes F. Right: Pareto front of Disc and En variables.
MOOM optimization of a typical summer day for the CCV building [9]

OSE annual information (See Fig. 2) shows that 85% of data is included in the
90% acceptability area, complying with a medium/high thermal comfort level based
on the limits proposed in ISSO [34] for office spaces of type β, class B.

3.2 MOOM Optimization in Studied Cases

The results obtained in each studied case are shown below. The ISSO 74 evaluation
[34] always presents the thermal comfort vote in relation to the evolution of indoor
temperature and the optimization profile with the values of interior temperature
(ta), exterior temperature (T em), AC activation (SP), opening of windows (va),
and the summary of the combination of strategies (F1, F2, and F3), to obtain the
thermal-energy benefit in each case, followed by the hourly evolution of the indoor
temperature (regardless of the optimization strategy) and the set of possible solutions
(Pareto front) where the objective variables Disc and En are compared.

3.2.1 Multi-Objective Optimization in CCV

Figure 3 shows the optimization results for the CCV building. According to the daily
evolution, the system decides the F2 strategy (window open, magenta) during the
night, until the morning at 10:00, where due to the increase of outdoor temperature,
it changes to strategy F3 (AC-on, cyan).

For half of the working hours, it is decided to switch to strategy F1 (Envelope,
green). This cut in the use of AC allows considerable energy savings.

Figure 4 shows in detail the evolution and relationship between average outdoor
temperature (T em) and indoor air temperature (ta). As can be seen, before 10:00
a.m., ta increases, which leads to a change of strategy to F3 (AC), with ta = 26C .
With the use of AC, it decreases to ta = 23.5C . The system then turns off the AC and



338 B. D. Arballo et al.

turns it back onwhen ta = 27C (3:00 p.m.). It is possible that at this time (F1 strategy
from 1:00 p.m. to 3:00 p.m.), even though the system defines this option as the most
optimal, this increase in temperature leads to narrow ranges of thermal acceptance for
the inhabitants. However, this intermediate range in the F1 strategy does not imply
energy cost, helping to achieve significant energy savings. These results are obtained
from the selection of the optimal solution by the L2 norm (minimum distance to the
ideal vector) found in the Pareto front (Fig. 3). For the CCV building, a Disc = 8.85
and En = 0.17 are achieved through optimization.

3.2.2 Multi-Objective Optimization in ECU

Office hours are marked with dashed lines on the x-axis. In this case, the system
decides on the F2 strategy during the morning until 9:00 a.m., followed by 2 hours
of F1 strategy, and then it is modified to the F3 strategy. In a similar way to the case
of the CCV building, from 3:00 p.m., strategy F1 took place for 1 hour (See Fig. 5).

Around 11:00 a.m. ta exceeds the 26◦C barrier (Fig. 4), suggesting an F3 (AC)
strategy. With the use of AC, it decreases to ta = 26C . The system then proposes to
turn off the AC and turns it back on when ta approaches almost 27.5◦C. For the case
of the ECU building, the optimization results in Disc = 7.95 and En = 0.12 (See
Fig. 5).

3.2.3 Multi-Objective Optimization in MUN

For this situation, the system advises strategyF2 during themorning until 10:00 a.m.,
starting with 2 hours of strategy F1, and then it is modified to strategy F3, which is
maintained for 1 hour (See Fig. 6). In this case, energy cost is minimal, compared to
CCV and ECU.

AC use decreases ta to 25◦C. The system proposes turning off the AC 1 hour later,
achieving significant energy savings. Towards the endof office hours, ta reaches 28◦C
(See Fig. 4). Figure 6 shows the Pareto front obtained based on the optimal L2 norm
preferred solution. Results for the MUN building optimization are Disc = 8.6 and
En = 0.05.

3.2.4 Multi-Objective Optimization in OSE

For the OSE building, the control system operates the F2 strategy during the morning
until 9:00 a.m. and continues using strategies F1 and F3 (See Fig. 7).

The strategy is then changed back to F1, which continues until the end of business
hours.
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Fig. 5 Left: Hourly evolution of operating modes F. Right: Pareto front of Disc and En variables.
MOOM optimization of a typical summer day for the ECU building [9]

Fig. 6 Left: Hourly evolution of operating modes F. Right: Pareto front of Disc and En variables.
MOOM optimization of a typical summer day for the MUN building [9]

Fig. 7 Left: Hourly evolution of operating modes F. Right: Pareto front of Disc and En variables.
MOOM optimization of a typical summer day for the OSE building [9]
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Table 3 Summer energy consumption and cooling savings for each building [9]

Annual energy Summer energy Summer energy consumption

consumption consumption (kW h/m2 cooling period)

(kW h/m2 year) (kW h/m2

summer period)
No savings With savings

CCV 335 137.5 62 26.4

OSE 158 71.1 17.1 5.7

MUN 137 50.7 6.1 1.0

ECU 126 56.9 4.6 1.3

The use of AC at 9:00 a.m. decreases the ta to 24◦C (See Fig. 4). The system
turns off the AC 1 hour later, achieving significant energy savings. Towards the end
of the working hours, ta reaches about 28◦C. In the case of the OSE building, a
Disc = 7.32 and En = 0.10 are achieved through optimization (See Fig. 7).

3.2.5 Energy Efficiency Potential

Basedonthebuilding’senergyconsumption(forthesummerperiod),previouslyshown
in Fig. 1, the consumption corresponding to the “cooling” item (See Table 3) is deter-
mined, which represents the following percentages for each building: CCV = 45%;
OSA= 24%;MUN= 12%; ECU= 8% [35].

Energy benefit contributions from the thermo-energy optimization design tool are
evident, achieving savings of up to 83.3%—in the case of the MUN building—of
energy dedicated to cooling during the summer period (See Table 3). An energy-
savingprojection is highlighted for the case of theCCVbuilding (the buildingwith the
highest consumption in the city of San Juan), where its cooling energy consumption
is reduced from 62 to 26.4 kW h/m2.

For the CCV and OSE buildings (highest consumption), the percentage saving is
57.5 and 66.7%, but for buildings that consume the least, the potential savings are
much higher, in a range of 71.3 and 83.3%.

The results show that by implementing the thermo-energetic multi-objective opti-
mization tool, the energy demand for the air conditioning of office spaces can be
greatly reduced, and simultaneously the quality of thermal comfort can be signifi-
cantly improved.

4 Discussion

Both nationally and internationally, there is a consensus on the prevailing need to
reduce electricity demand from the air conditioning of buildings. In this context,
buildings with habitable spaces need to ensure healthy thermal comfort conditions.
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This research contributes to the creation of techniques and tools for architects
and engineers. The MOOM optimization tool is applicable to the design stage of
new buildings, considering that predicting energy demand-saving potential before
defining the envelope, would adequately determine functional organization schemes
for indoor spaces, thermal insulation values, cross ventilation, window sizes and
location, HVAC sizing and design, for the least impact on the use of energy resources,
assuring high-quality thermal comfort and sustainability.

This research shows thatwhen applying the proposedmulti-objective optimization
tool—for the summer period—, improvements in thermal comfort (lower results in
the Disc variable) are obtained in all cases, with an average percentage of 20.53%.
The normalized energy variableEn is reduced in all cases, with an average percentage
of 69.6%. The results show that, through the implementation of the MOOM multi-
objective optimization tool, the energy demand for the air conditioning of office
spaces can be greatly reduced, and simultaneously the quality of thermal comfort
can be significantly improved.

The development of the MOOM tool is based on the observation of four office
buildings, which represent the greatest energy use impact in the city of San Juan.
Among them, the CCV has the most unfavourable energy efficiency coefficient.
Based on the development of the optimization tool in this research, the combination
of passive/active strategies with an impact on the consumption of resources allows
for ensuring energy savings (for the summer period) of 57.5%, in the case of CCV,
and up to 83.3% in the case of MUN. In the case of OSE, an improvement of 66.7%
is obtained and for the ECU building, 71.3%.

5 Conclusions

Thiswork highlights techniques implemented for thefirst time in the architectural dis-
cipline addressing office building’s energy retrofitting through the MIDACO multi-
objective optimization. These contributions expand the scope of optimization tools,
compared to previous applications to office buildings in the design stage, managing
daily dynamic optimization with future applicability towards the development of
smart control systems and the definition of architectural design guidelines. Signifi-
cant energy savings in the four case studies (57.5–83.3%) validates the new MOOM
optimization design tool, where the gap between energy consumption and thermal
comfort is reduced. The system provides high-level indoor thermal comfort condi-
tions for the inhabitants (thermal acceptance above 90% in all cases).

This paper aims to consolidate the multi-objective optimization tool as a key step
within the framework of energy efficiency policies. Currently, this research grounds a
technological development of a control system to optimize comfort variables and air
conditioning/ventilation strategies in interior spaces in real time and dynamically.
It has been awarded a state subsidy for the purchase of high-quality supplies and
start-ups.
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It is also proposed to extend the study of the MOOM tool to residential, educa-
tional, and commercial buildings and its applicability to different climatic contexts.
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Comparison of Comfort and Energy
Performance in Naturally Ventilated
Classrooms, Based on the Application of
Passive Architectural Design Strategies

Olga Lucia Montoya , Natalia Saavedra, and Juan G. Gutiérrez

Abstract Comfort and energy consumption in classrooms are closely related topics.
In naturally ventilated classrooms and non-controlled environments, it is necessary to
delve into the effect of ventilation, solar incursion, and façade control devices, among
other strategies, on energy consumption. This is the framework of this chapter, which
aims at evaluating the thermal and visual comfort regarding the energy consump-
tion of classrooms built under the design parameters of the Colombian Technical
Standard NTC-4595 for comfortable environments. Moreover, it looks to determine
improvements in the thermal and visual environment, based on the application of
passive architectural design strategies recommended by resolution 0549 on energy
saving. The previous objective is achieved through an experimental model, simu-
lated through Sefaira, a plugin of SketchUp. Conclusions allow validating the effect
of design recommendations on thermal and visual comfort, their effect on saving
energy, and finally contribute to the applicability of the standard focused on design-
ers of educational spaces in the Global South.
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1 Introduction

Energy consumption inLatinAmerica to operate buildings represents between 24 and
30% of CO2 emissions [1]. Energy consumption in Colombia for the services sector,
where schools are included, is mainly due to lighting (31%) and air conditioning
(22.8%) [2], both directly related to the building’s design and envelope. Even though
the consumption percentage of thermal conditioning systems is lower than in the
United States (37%) [3], the percentage is increasing and could be reduced through
design.

In Colombia, the mandatory Resolution 0549 determines some passive and active
design strategies to be implemented on buildings to achieve water and energy savings
[4]. On the other hand, regarding comfort directly impacting energy consumption,
a range between 22 and 25◦C is proposed, with no details about the measurement
model, except the direct reference to Fanger [5]. Therefore, it is necessary to refer to
the Colombian Technical Standard NTC-5316: Thermal Environmental Conditions
of Buildings for People [6], which is an identical translation (IDT) of the ASHRAE
55 Standard.

Comfort and energy consumption in schools have started to be researched in
countries with differentiated climatic seasons, where comfort conditions occur most
of the year, thanks to mechanical air conditioning systems. This situation is different
to warm and naturally ventilated environments, where a better tolerance to higher
temperatures has been proven. However, research has shown the benefits of applying
passive architectural design strategies for comfort as well as for energy consumption
[7]. Furthermore, the results obtained when comparing the thermal sensation of
people in air-conditioned classrooms versus naturally ventilated classrooms [8, 9]
demonstrated that air-conditioned environments were more demanding.

The analysis made by Ho et al. [10] demonstrated the relationship between visual
comfort and energy consumption in subtropical classrooms. That analysis showed
that the right choice of façade elements to reflect light improved lighting condi-
tions inside classrooms and also influenced power saving by implementing the right
horizontal parasol [10], leading to 70% savings over regular consumption.

Relationships such as thermal and visual comfort with architectural aspects are
addressed by Kwok and Grondzik [11], where they show physical standards for an
acceptable thermal environment. Other researchers analyze thermal comfort in rela-
tion to the building envelope. Subhashini and Thirumaran [12] quantify the thermal
performance achieved through a greater level of solar protection. Some researchers
[13, 14] analyze the effect of the building envelope on the students’ perception of
comfort. And others include some less explored strategies like nighttime cooling
assisted by thermal mass and dehumidification [15]. To design classrooms in the
tropics, it is necessary to protect them from solar radiation [12, 16] and avoid the
uncontrolled entrance of direct sunlight into the space, which has negative conse-
quences such as undesired glare and high contrasts [17], while increasing tempera-
tures and visual discomfort [18].
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Research in the Global South has mainly occurred in places with seasons, such
as Chile [19], Argentina, and Brazil, while few studies have been made in Colombia
in the equatorial tropic strip [20]. As several reports indicate [21], most studies on
thermal comfort have been made in mild climates (65%), and only 20% in tropical
(or subtropical) climates such as Hawaii, Australia, Malaysia, Singapore, Thailand,
Nigeria, Ghana, and India. Meanwhile, studies made in zones near the equator are
rare [22].

This document presents a study of comfort and energy consumption in tropical
climate classrooms. In particular, it analyzes the incidence of applying passive archi-
tectural design strategies to educational spaces to have efficient spaces; specifically,
spaces promoting good academic performance [23] as well as the applicability of
domestic and international standards in a zone very near to the equator.

2 Methodology

This analysis was made in a school located in the city of Cali, representing the
analysis context. Cali is a city with a dry warm climate. The average temperature is
around 25◦C, with variations during the day and night between 17 and 34◦C, and
average relative humidity of 70%. The climate has two periods during the year: a
dry period from December to February and July to August and a rainy period from
April to May and in September.

Although the adaptivemodel is valid as a proposal for naturally ventilated environ-
ments, the range considered is that proposed by the Colombian Technical Standard
NTC-5316, which regulates thermal comfort in buildings. It defines a comfort range
for summer in Colombia of 22.5◦C < To < 26◦C, 60% RH, met ≤ 1.2, where at
least 80% of the population is satisfied, where To = Operative temperature, RH =
Relative Humidity, and met = metabolic activity [6].

The methodology is based on the analysis of an experimental model of a real
classroom, which is organized into three stages: (i) Analysis of average temperatures
in the basic situation and under application of improvement strategies; (ii) Analysis
of comfort; and (iii) Energy consumption using the range proposed by the standard.
Below, the design of the building’s thermal simulation model is described, focused
on the studied prototypical classroom, and later the design strategies for improving
the classrooms are described.

Sefaira (a plugin of SketchUp) proposes a newmodeled paradigm, associatedwith
the design process, in real time, from the first conceptual stages up to the construction
documents. This is a plugin of associated 3Dwork software like Revit and SketchUp,
which is closer to architecture graphical environments.
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Fig. 1 School building represented on the model. On the left, view of the classroom façade. On
the right, view of the classroom interior. Source Photograph of the authors

2.1 Design of the Thermal–Visual Simulation Model

Sefaira tool, created in 2009, currently allows analyzing thermal, visual, and energy
performance in the cloud, based on climatic data. The advantage of this tool is
that it is possible to use it in different architectural software, making these energy
consumption analysis processes more accessible.

The model represents an existing school building (see Fig. 1), from which a
top-floor classroom is chosen to apply and evaluate the design strategies. It is a
typical classroom with a ceiling height of 3m. Its façade is northwest facing, with
a window whose surface is 1/2 of the floor area; the window measures 8m wide by
2m tall = 14m2 (58% of the exposed facade) and has a grid measuring 7m wide by
0.4m tall = 2.8m2 and one window in the inner façade toward the corridor of 5.6m
wide by 0.6m tall = 3.36m2 (14% of the façade). Full details of the model are shown
in Fig. 2.

2.2 Design Strategies for the Thermal, Visual, and Energy
Improvement of Classrooms

Four design alternatives are applied to the base case, first, because they are recom-
mended by the sustainable construction guide for energy saving in buildings, and
second, by emblematic authors and specialized literature on the subject of warm
climates, these are presented in Fig. 3.

To analyze the energy consumption, the classrooms are simulated in a natural
ventilation mode, where all the mechanical conditioning systems are turned off (air
conditioning systems as well as fans). However, the Sefaira software indicates the
consumption that may be generated, when the space moves away from the indicated
Setpoint, a value that allows making the comparison, please refer to Fig. 4.
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Fig. 2 Description of the base case model. SHGC: Solar Heat Gain Coefficient; VLT: Visible light
transmittance Source [24]; * Thermal Data Source Compiled by authors from Sefaira Support [25]
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MODEL STRATEGY 

Orientation: Main Façade facing north.

Insulation: Increase thermal insulation in all the
envelope of the classroom: walls, roof and floor to
the minimum U value of 0.1 W/m² K..

Ventilation: the effective area to ventilate is
expanded, thus: i. Corridor facade: blinds eliminated;
ii. Main facade: all the windows are operable; iii. All
the windows remain opened 24 hours.

Shading: main facade with vertical window-height
brise soleils every 0.60 m. and three shading
elements of the length of the window x 1 meter. They
are just defined as shading elements but on the
software neither material nor thickness is specified.
Glazing area reduction: the glazing area of the
facade is reduced (same as the window area towards
the corridor). The ratio of window area that can be
opened is half the glass area, the other half is fixed
glass

Fig. 3 Design strategies. Source Compiled by authors

Fig. 4 Energy consumption items in kWh of Base Case. Source Compiled by the authors from
Sefaira Web image
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2.3 Metrics for Visual Performance

There are static metrics, such as daylight factor (DF) and solar incidence to quantify
sunlight, that allow identifying, through simulations and manual geometric meth-
ods, the direct solar incidence on a space or work plane. On the other hand, in recent
years, dynamic metrics have been developed from computational lighting calcula-
tions based on CBDM (climate-based daylight modeling) climatic databases.

The IESNA (Illuminating Engineering Society of North America) developed two
metrics that complement themselves [26] and strengthen the analysis of lighting
performance:

• sDA (spatial daylight autonomy) indicates the percentage of the area analyzed over
an illuminance value determined in 400 lux, during a specific timeframe. 75% is
considered the reference value.

• ASE (annual sunlight exposure) refers to the percentage of the floor area that
receives at least 1000 lx for at least 250 occupied hours during the year [27]. The
value accepted for this indicator is a maximum of 10% [28].

3 Results and Discussion

3.1 Thermal Performance

The base case has 52.9% of the hours in comfort (22.5 and 26◦C). It is possible to
identify in Fig. 5 that this percentage improved through the application of passive

Fig. 5 Bar graph with percentage of hours in comfort and discomfort, and table with averages of
temperature in comfort, heat and cold discomfort
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Fig. 6 Base case and strategy temperatures in the hottest month

architectural design strategies, except in the insulation strategy, where the comfort
percentage is only 24% of the time, while 75% of the time it is too hot.

In the same figure, it is possible to identify those strategies obtaining a higher
percentage of hours in thermal comfort, such as orientation and shading with corre-
sponding percentages of 58 and 58.4%. It is worth mentioning the variation of these
comfort and discomfort percentages between the strategies, even though average
temperatures in each strategy are quite similar, with average temperatures between
23.2 and 23.6◦C, >20.9◦C between 20.2 and 20.5◦C, and <26.1◦C between 27.5
and 27.9◦C.

Hours in comfort in temperatures over 24◦C are different from air-conditioned
classrooms in warm climates, where comfort temperature is assumed as between 18
and 24◦C, and it may differ a lot from the average outdoor temperature [29].

A more detailed analysis made during every hour of the month of August, which
has the highest temperatures, shows the thermal performance of the base case and
the implemented strategies. While outdoor temperatures ranged between 22.01 and
31.8◦C, the base case displayed an average temperature of 25◦C, with high temper-
atures of up to 33◦C and low temperatures down as far as 17◦C.

Figure 6 shows how the temperatures from the base case are higher than those
from the strategies, while the lowest temperatures are similar. The strategy with a
different performance is the one incorporating thermal insulation, where such low
temperatures are not reached.

For a more detailed view, please refer to Fig. 7 which contains the same strategies
during some typical days of the month. As can be observed, all the strategies manage
to reduce maximum and minimum temperatures. However, the orientation strategy
not onlymanages to reduce themaximum temperatures (up to 2K) but achieves fewer
temperatures below the lower limit of the comfort range (21◦C),with a behavior closer
to the range. These results are opposite to the recommendation of Olgyay [30], which
recommends for Cali, rotations in volumes up to 17◦ in relation to the North–South
axis (situation of the base case), without entailing greater thermal gains in the space.
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Fig. 7 Temperature during typical days of the month. Source Compiled by the authors

Also, the shading strategy with similar behavior to the orientation (see Fig. 7)
manages to reduce maximum temperatures (by between 1 and 2◦C). Nevertheless,
the behavior toward the minimum temperatures is very similar to the base case. It
also manages to improve hours in comfort by up to 58.4%. This result concurs with
other studies, where protecting the glass surface can benefit thermal comfort [12],
thus resulting in the entire building having a high thermal performance [14].

The insulation strategy displays the most stable behavior, with lower thermal
oscillation (9◦C), when compared to the base case (up to 18◦C); it keeps temperatures
between 23 and 32◦C, with a high-temperature trend above the comfort range. This
result concurs with the statement from Thomas Mosquera [31], who stated that
thermos-type architecture tends to hold heat, while the brise-soleil-type architecture
is more appropriate for a warm dry climate.

Tothiseffect,ventilationmanages toreducemaximumtemperaturesbyupto2.5◦C,
proving itsbenefit,but it also increasescolddiscomfort ascanbeseen inFig.7.This is a
demonstration of howcareful this strategy needs to be, beneficial during school hours,
but causing cold discomfort at the beginning of the day, thanks to the low temperatures
gained in the early morning without façade control devices [7].

3.2 Visual Performance

Analyzing the visual performance of the base case, the percentage of the classroom
area over 400 lx does not achieve the 75% which indicates suitable lighting while
entering direct sunlight maintains the necessary percentages. In general, strategies
such as ventilation and insulation came up like the base case, with slightly lower
values (69%) than the one recommended for SDA (75%) and ASE (<10%), while
the strategy of orienting the main façade toward the North improves ASE to 0%.
However, it reduces SDA to65%.Similarly, the strategieswith lowerASEare shading
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Fig. 8 SDA and ASE in the design strategies. Source Compiled by the authors

and reduction of the glazing area. These strategies, unlike the orientation, reduce the
lighting quality of the classroom, since sDA is the lowest of them all at 0%, and
DF is under 2% as required by the standard for educational environments [32] (see
Fig. 8).

The role of the shading devices on the façade to improve the visual performance is
worth greater analysis from finishing and color aspects, which improve light reflec-
tion and energy-saving qualities [10]. This finding demonstrates that conventional
lighting in classrooms, with emphasis on the main façade and a smaller window
toward the corridor (as the base case), is not sufficient to reach the optimum level of
visual performance. Given this, greater exploration of strategies in that direction is
required, such as additional light shelves, skylights, and other additional elements.

3.3 Energy Consumption Performance of the Strategies

After comparing the energy consumption of the strategies, Fig. 9 displays all the
strategies applied which would imply a lower energy consumption to cool down
(cooling and fans), except for the reduction of the glazing area. These results support
the statement by Al-Saggaf et al. [3], who claimed that in warm climates, cooling
loads are mainly reduced by the building orientation, shape, and glazing of windows.

On the other hand, although the insulation strategy can contribute to energy con-
sumption by cooling [14], it does not indicate comfort.

The energy consumption results of the design strategies applied in the base case
(See Fig. 10) show different results from those indicated in Annex 1 of Resolution
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Fig. 9 Strategies and energy consumption. Source Compiled by authors

Fig. 10 Percentage of energy consumption saved with fans and cooling design strategies. Source
Compiled by the authors from Sefaira Web data

0549 (including energy, comfort, and water), where glazing area and shading strate-
gies are indicated as the ones generating greater energy savings: between 5 and 6%,
respectively. As shown in Fig. 10, the greatest saving in consumption is represented
by the orientation strategy with 27% lower consumption, followed by shading and
ventilation.

However, the insulation strategy has an effect on consumption (18% less) but
none on comfort, because although there is a performance saving, the temperatures
maintained are higher than average, which affects comfort.

4 Conclusions

The differences between the performance of the base case and the strategies allow
determining the benefit and potential incorporation of passive architectural design
strategies in naturally ventilated spaces to improve thermal comfort and energy con-
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sumption, such as orientation, shading, and ventilation. However, these strategies do
not manage to improve visual comfort.

An integrated comfort perspective in classrooms of the tropic is necessary, given
that the Colombian standard, just as other standards in Global South countries,
addresses comfort in an undecisive way, which not only complicates addressing
this comprehensively but, on many occasions, the improvement in thermal comfort
is detrimental to visual comfort, having an impact in energy consumption (as in this
article).

The comfort range proposed by the Colombian standard, just as other standards
in tropical countries, is a range imported from other climates, which may imply a
greater thermal requirement and, therefore, greater energy consumption. Appendix
1 of sustainable construction must demonstrate the analysis of the energy-saving
percentages set out therein, to be able to progress in the evaluation of their impact
on the building, which had differences in the case analyzed.

Finally, research may contribute with experimental analyses of cases to evaluate
the applicability of the standard and its possible lines of further development, not
only at a national level but on an interdisciplinary and interterritorial scale, which
allows learning from the experience on standard-related issues in other Global South
countries with greater progress in these subjects.
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Optimized Housing Enclosures for Piura,
Peru

David Resano

Abstract The city of Piura (lat. 5◦S, long. 80◦W) is located north of the Sechura
Desert. Its typical weather is characterized by high temperatures throughout the year
and low levels of precipitation that only change when the El Niño phenomenon
cyclically occurs. However, almost all of the constructions in Piura use conventional
enclosure solutions. The façades are brick-made, coated in some cases, basically
following structural resistance criteria, butwithout any consideration for their thermal
behavior. The same problem applies to the roof, which also needs to be impermeable
due to the regular flooding caused by the El Niño phenomenon (ENSO). The lack
of proper design concerning the enclosure becomes a barrier to the thermal comfort,
habitability, and energy efficiency of these buildings. In this chapter, we analyze the
socioeconomic, urban, constructive, and climatic context of Piura to propose suitable
solutions for the design of an opaque thermal envelope for its houses. This project
has been possible thanks to a research project supported by competitive funds from
the University Enclosure.

Keywords Climograph · Thermal comfort · Building constructive solutions ·
Housing enclosure

1 Introduction

The city of Piura (lat. 5◦S, long. 80◦W) is located north of the Sechura Desert in
Peru. Its typical weather has high temperatures and high levels of solar radiation
throughout the year, and low precipitation levels, albeit altered when the El Niño
Southern Oscillation (ENSO) occurs. This warm climate has led Piura to be known
as “the city of eternal heat”.
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However, almost all the houses built in Piura are conventional enclosures that are
not adapted to these specific climatic conditions. This constitutes a barrier to thermal
comfort. In this chapter, this situation is analyzed, proposing constructive solutions
to adapt the enclosure of Piura’s homes to the prevailing climate.

This work presents some of the results of a research project, financed with com-
petitive funds, made between 2017 and 2018 at the University of Piura. The project
focuses on studying the thermal behavior of the opaque part of enclosures to propose
contextualized solutions. Section 2 explains the methodology, and Sect. 3 analyzes
the base situation in terms of the climatic, social, construction, and urban contexts.
Based on this, in Sect. 4, different constructive enclosure solutions adapted to the
climate and the local reality are discussed. Finally, Sect. 5 is devoted to conclusions
regarding optimized proposal solutions to solve thermal barriers to comfort.

At the time this work was carried out, no studies related to the thermal behavior
of opaque enclosures were found for the city of Piura. The sources and methods used
to study the thermal behavior of the building shell are well known. However, finding
specific ways to apply this knowledge to a concrete case, such as Piura, requires a
novel approach. There are general works related to the whole of Peru [1], or specific
façade construction typologies [2]. The novelty of this research lies precisely in
combining both approaches and developing specific construction systems adapted to
the climate of the region and local limitations.

Section 2 outlines the work methodology for this study. The authors suggest
that it could be replicated in similar case studies, providing innovative integrated
approaches to the design of opaque housing enclosures that overcome the thermal
comfort barrier, considering the local context.

2 Methodology

As has been indicated above, the objective of this work has been to optimize the
opaque enclosures of living spaces in Piura to overcome the constructive barrier to
thermal comfort and energy efficiency, given the local social, economic, and tech-
nological conditions. To achieve this goal, the methodology comprises the follow-
ing four phases: analysis of the base conditions, parameterization of the enclosure
design components, development of constructive solutions, and monitoring of cli-
matic behavior (see Table 1).

The analysis phase focused on fourmain dimensions: climate, urban environment,
socioeconomic conditions, and technological context. Given the importance of this
phase to guide the research results, the following section explains the methods and
references used for this analysis. Regarding theweather data, the source is theweather
station installed on the campus of the University of Piura [3]. The following three
climographs were made: a general one tabulating the outside air temperature and
relative humidity, precipitation, and radiation, and another two covering the comfort
temperatures for these data, following the methods proposed by Olgyay [4] and
Givoni [5]. For the urban analysis, city plans were studied, distinguishing the types
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Table 1 Summary of conditions and strategies applied for enclosure optimization

Conditions
urban

Intervention Enclosure Heat strategy Rain strategy

I–Isolated N–New F–Facade TI–Thermal
Insulation

WP–Waterproofing

D–Divided R–Restoration D–Deck TN–Thermal
Inertia

PI–Pitch

G–Ground floor SP–Solar
Protection

CT–Coating

VE–Ventilation SL–Sealing

RR–Radiation
Reflection

RD–Radiation
Dissipation

Design
materials

Technique Form Execution Cost

ADB–Adobe QNC–Quincha G–Geometry COA–Coating AC–A Class

BRC–Brick SPA— Sandwich
Panel

T–Thickness LIN–Lining BC–B Class

BMB–Bamboo VEF–Ventilated
Facade

H–Height SSP–Self-
supporting

CC–C Class

WOO–Wood DSC–Dissipative
Coating

L–Layers DC–D Class

PLS–Plastic

CCT–Concrete

GLS–Glass

MTL–Metal

of urban fabric based on the following basic parameters: road width, building size,
block type, block subdivision type, and building height. The sociological data were
taken from the report on Peruvian socioeconomic levels [6], collecting the most
relevant data for the objective of the research. The technological contextwas analyzed
through visits to local industrial and artisanal rawmaterial producers and distributors,
collecting data on the cost, dimensions, and typologies of available construction
elements.

In the following two phases, the methodologies aimed at synthesizing the infor-
mation and establishing the basic parameters of enclosure design in terms of materi-
als, construction techniques, geometric characteristics, installation, and cost. Based
on the relationship of these parameters with the base conditions, several suitable
design strategies were proposed for incident solar radiation: insulation, thermal iner-
tia, protection, ventilation, reflection, and scattering as well as for the ENSO rain:
waterproofing, pitch, coating, and sealing. The design phase was developed from this
map, synthesized in Table 1, combining the available construction solution materials
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that would satisfy the aforementioned heat and rain strategies. These solutions are
explained in Sect. 4, focusing on thermal comfort.

3 Analysis of the Base Conditions

As pointed out earlier, to find constructive solutions for façades and roofs adapted
to the local reality, the base conditions of Piura related to the climate, urban fabric,
socioeconomic conditions, and construction context were analyzed. The analysis of
these conditions is explained below.

3.1 Weather and Comfort Parameters

Figure 1 shows the climograph of Piura, prepared using the data recorded by the
UDEPweather station [3]. This graph summarizes the followingmonthly parameters:
average, maximum, and minimum air temperatures; average rainfall accumulated in
typical and ENSO periods; and maximum, medium, and minimum solar radiation. It
highlights two peculiarities: the high rainfall level during ENSO and the high solar
radiation value throughout the year. The psychrometric diagram in Fig. 1 [5] shows
two main facts. First, there is stable weather throughout the year. Second, maximum
and minimum monthly temperatures and humidity lie outside the comfort zone.

Fig. 1 Outdoor climate climograph of Piuray and Givoni’s climograph of comfort conditions
regarding maximum and minimum monthly temperature and relative humidity
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3.2 Urban Fabric

Toprepare the enclosure proposals, themain characteristics of the typical urban fabric
surrounding the city dwellings were analyzed. Aside from the orientation, the urban
layout was analyzed to determine the prevailing type of opaque enclosures (façades,
dividing walls) and their typical dimensions. Four basic urban fabric typologies are
synthesized, involving the following parameters: urban block, main and side street
width, housing grouping, and urban plot dimensions (see Fig. 2).

The first typology is the historic downtown’s original checkerboard, characterized
by massive blocks of between 75 and 80m on each side, with narrow streets barely
10m wide and variable lot areas.

The second typology encompasses the urbanizations built beyondGrau-Bolognesi
Avenue, with terraced lots that create orthogonal plots with 24m avenues, 14m
secondary roads, and 9-meter-wide sidewalks. The lots represent the typical Gothic
subdivision of current Peruvian cities, with about 8 meters wide and 20 meters deep.
They form closed urban blocks of 20–40m inwidth, and 100–150m in length, built to
surround public spaces. From the 1970s onward, streets were widened, and buildings
rose to 3–4 stories.

The third typology is that of the gated condominium, with considerably wider
roads (between 17 and 30m) and the abandonment of the narrow frontage of the
plot, allowing building detached houses.

Fig. 2 Map of the city of Piura distinguishing the types of urban fabric and typical block lots
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Finally, there are the city suburbs. These are characterized by the same urban
block and lot pattern found in the urbanizations, but built with informal constructions,
predominantly single-level houses, ones which the inhabitants built themselves.

3.3 Socioeconomic Context

Most houses in Piura have not been individually designed by an architect. This is a
result of the owner’s low socioeconomic level, which leads to them preferring self-
construction processes. Consequently, there are no architectural quality parameters
or technical criteria to guarantee adequate technical solutions, as analyzed in this case
for thermalwell-being. This lack of a constructive design of the enclosure is one of the
main reasons that make the thermal envelope a barrier to the environmental comfort
of homes. Here, social and constructive contexts are described as conditioning factors
for the current building solutions concerning opaque enclosures.

Statistics show that the materials used predominantly in facades and roofs depend
on the socioeconomic level of the building owner [6]. For façades, higher socioeco-
nomic groups are built with brick, while the lower classes opt for adobe. As for the
roof, the prevailing solution in the highest socioeconomic groups is that of reinforced
concrete joist slabs and ceramic lightened slabs. The roofing used by the less wealthy
is corrugated plastic or metal sheets. Traditional wall systems such as quincha are
rare. The quincha façades (cane reeds with mud) only appear in 2% of the socioeco-
nomic level C (SEL-C) and 4% of SEL-D. Cane mat and mud roofs are found in 7%
of SEL-D and 6% of the SEL-C population, while only mat roofs appear in only 3%
of SEL-D houses and 1% of SEL-C ones. Only 1% of SEL-D uses dry palm leaves
for roofing.

There are cultural and economic reasons behind the different use of enclosure
building systems [7]. The Peruvian population associate quality housing with brick
cladding and wrought-iron roofing with joists and vaulted ceilings, mainly because
of its greater mechanical strength and durability. Statistics show that most of the
population aspire to build their home with walls based on ceramic elements such as
brick and tray or vaulted ceilings.

3.4 Technical and Building Context

Piura is located in a seismic zone of the Nazca tectonic plate. This entails the need
to consider resistance and stability features when it comes to choosing the charac-
teristics of enclosing walls. The planning of Piura, as analyzed earlier, has led to the
development of urban blocks formed by grouping housing lots separated by party
walls without openings. It consequently leads to prioritizing the resistance of con-
struction elements over issues of environmental comfort. This is a crucial point given
the constant high solar radiation throughout the year (see Fig. 3).
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Fig. 3 Thermographic photograph of a standard residential building in Piura considering the urban
fabric. June 18, 2020, at 1:15 pm

The prevailing construction system in Piura’s urban homes is the use of brick
walls, into which reinforced concrete columns are inserted every 2 or 3m to increase
resistance and stability against the horizontal loads produced by an earthquake. This
walling system is called a confined wall, and it is the construction technique that
prevails in the façades and dividing walls of the city.

Thus, brick and reinforced concrete are the predominant construction techniques
used in the city, both for confined walls and lightened slabs, with numerous industrial
and artisanal brick-producing companies. Concrete and steel for reinforcement are
also available. This type of construction, statistically and socially, is associated with
construction quality based on the need for resistance, but, as shall be shown, its
thermal behavior is not the most appropriate for the climate and should be optimized.

Wood obtained from the Andean Highlands such as pine, fir, and eucalyptus is
also used, as is tropical species from the Amazon forest. Wood, cane (reed), and
mud are the predominant materials employed for enclosures in the city’s periph-
eral areas, fundamentally using the “quincha” style building. As has been said, the
typical roofing materials in these areas are corrugated sheet metal, plastic, or fiber
cement panels. These materials are not produced locally and are provided by con-
struction merchants. However, insulating materials are hard to find. Currently, they
are limited to expanded polystyrene panels (called technopor) or mineral wool, used
fundamentally as fillers in drywall inner partitions.

Therefore, the technological and building industry context favors current con-
structive enclosure solutions such as confined walls, lightened slabs, and corrugated
panels. Nowadays, the local constructionmarket does not promote products designed
to be thermally opaque enclosures adapted to the local climate. This is both because
of a lack of a thermal constructive culture and the high price of non-conventional
systems.
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4 Proposed Optimized Constructive Solutions
and Discussion

The main strategies to prevent opaque enclosures from being a barrier to thermal
comfort are insulation and thermal inertia. The next section discusses these two
aspects regarding the proposed solutions.

Since 2014, Peru has had a non-mandatory standard that regulates thermal and
lighting comfort in buildings in terms of energy efficiency [8]. For this standard, the
climate of Piura is classified as “Desert” [8,Annex I.A], indicating suitablemaximum
thermal transmittance values (U) of 3.20 W/(m2 K) for walls and 2.20 W/(m2 K) for
roofs. However, this standard does not refer to suitable values for thermal inertia.

Figure 4 shows the values of thermal transmittance (U), thermal lag (DT), and
effective thermalmass (mtu) of the current construction solutions used for enclosures
as well as the optimized solutions proposed here. The calculation of these values is
related to the properties of thematerials indicated in Appendix 3 of the RNE-EM.110
standard. The current prevailing solution in the form of resistant brick wall facades
(F.EX1) has a U-value of 2.610 W/(m2 K), while in the lightened roof solution
(C.EX1) it is 0.51W/(m2 K). Although U-values of wall and roof enclosure solutions
would be in line with their respective limits according to RNE-EM.110, thermal
behavior improvement is possible using a thermal inertia approach.

Regarding facades, the thermal lag (DT) of the F.EX1 solution is 3.29 hours.
Considering the high solar radiation values in Piura, which peak during the middle of
the day, namely, around three and a half hours into the afternoon, the façade begins to

Fig. 4 Proposed optimized enclosure solutions compared to the current ones
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discharge the heat accumulated during the day inside the building, producing thermal
discomfort. TheF.EX1 solution considers a 24cm thick brickwall. Lower thicknesses
would reduce this DT, which would not contribute to thermal well-being. It would be
advisable to extend this DT time so that the heat transfer from the enclosure inside
occurs when temperatures drop at night. It is possible to achieve this by increasing
the thermal mass or by placing thermal insulation inside. The proposed F.EX1-OPT
optimized solution includes a 6 cm thermal insulation layer of a low-cost material
such as reed cane, readily available in Piura. With this additional layer, DT increases
to 5.31 hours, which is closer to the recommended value, given that the sunset in
Piura occurs around 6:30 p.m. More efficient insulation or a greater thickness would
increase DT so that its effect would extend into the night hours. Air conditioning
is common during the midday hours in summer, so combining thermal insulation
and light walls, such as that found in option F.NV1-OPT, could be an appropriate
solution for new buildings conditioned with active systems. In conclusion, aiming
for high mtu values and well-calibrated DT constructive solutions is recommended
to balance thermal comfort with energy efficiency.

Concerning ceilings or roofs, the lightened ceiling solution has good thermal
behavior. It has a relatively low thermal conductivity, according to the data indicated
in RNE-EM.110, which recommends a conductivity of 0.35W/(mK) for the ceramic
filler block component which is the main feature of this slab. Likewise, its broad DT
favors the discharge of energy from the construction element in the cold hours of the
night. However, the same does not happen with corrugated roofs (C.EX2) made of
sheet metal, plastic, or fiber cement that predominate in the unplanned areas of the
city. It can be seen how its thermal conductivity exceeds the recommended limit of
2.20, and that its thermal inertia is non-existent. In the C.EX2-OPT solution, a 6 cm
cane thermal insulator has been put in place, considerably improving its behavior
in terms of transmittance, and increasing its DT by almost 2 hours. It would still be
advisable to increase the thickness of the insulation layer or adjust its conductivity
to meet a proper DT value. From June 2017 to January 2018, two meteorological
stationswere installed in each testmodule, registering the air and soil temperature and
relative humidity both inside and outside. Consequently, it was possible to validate
the numerical calculations, checking how the optimized enclosure solutions reduced
the maximum indoor temperature and favored a proper thermal gap.

5 Conclusions

This research project is sought to optimize the thermal behavior of opaque enclosures
in the city of Piura, given that their current design and construction constitute a
barrier to thermal comfort and energy efficiency. This work has focused on the shell
layers without committing to the study of transparent glass, sun protection, or cross
ventilation, whose impact on thermal comfort is also high. The comfort conditions
based on temperature and humidity were also analyzed without delving into other
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relevant parameters such as radiant temperature. These issues could be the subject
of future research.

Two well-known strategies to improve thermal comfort regarding the opaque
envelope are insulation and thermal inertia. In the case of a desert climate (low pre-
cipitation, high temperatures, and solar radiation) such as is found in this case study,
from a theoretical point of view, it is ideal to recommend thermal inertia [1]. How-
ever, the necessary thickness that this entails complicates its practical application,
especially in the case of walls. That is why the decision was made to investigate a
combination of thermal mass with insulation as an optimal solution that would be
applicable in these climates. Thermal insulation of not very low conductivity mate-
rials such as cane, in a thickness of about 6 cm, reduces the thermal transmittance of
a brick wall by 51%, with resulting energy savings in situations using active systems
such as air conditioning. Likewise, this insulating layer increases the thermal gap
time by 38%, causing heat transfer at dusk. The use of this system could be the first
step in terms of optimizing vertical enclosures adapted to the specific conditions of
Piura. However, better or thicker insulating materials or layers would optimize this
performance to an even greater extent.

In the case of roofs, although those made with unidirectional ceramic tray ceiling
slabs have acceptable thermal behavior, the same is not true of light corrugated
sheet roofs, which are common in unplanned areas of the city. In this case, it was
confirmed how roofing insulation could reduce conductivity by 52% and almost
double the thermal gap time.

This work led to conclude that the most effective practical solution to overcome
the barrier to thermal comfort presented by the current enclosure system of the houses
in Piura is as follows: in the case of facades, a combination of layers of materials
with a thermal mass on the outside and thermal insulation inside; in the case of heavy
hollow ceramic tray ceilings, it was possible to verify that they offered acceptable
behavior from the thermal point of view. Finally, in the case of light corrugated sheet
roofs, it would be essential to have thermal insulation layers inside.

However, although thework focused on the situation considering the opaque enve-
lope, it is necessary to continue undertaking studies that improve the urban boundary
conditions. There are parameters such as the orientation of the urban fabric, street
width, vegetation, shadows between buildings, relationship with the prevailing wind,
and the thermal behavior of the enclosures that the city’s current urban development
plan should consider to improve thermal comfort.

Likewise, the Peruvian regulatory framework should strengthen its criteria and
reference values so that the enclosures of homes are not an obstacle to comfort. In this
sense, reviewing limits and procedures to validate thermal inertia, and studying in
greater detail the thermal transmittance limit values in each case seem to be pertinent
improvements.

On the other hand, as explained in the text, the current enclosures of the houses in
Piura have prioritized mechanical resistance over thermal behavior. This is not the
case in rural areas, where the traditional quincha system (a wooden framework filled
with cane reeds and covered with mud) continues to be used, with good performance
from a thermal point of view. Although these rural areas also suffer from problems
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related to the thermal behavior of roofs, which is the same as found in unplanned
areas of the city.

The authors consider that this study is replicable in other Peruvian cities or south-
ern areas of the planet with a climate difference, but with similar social conditions.
Targeting constructive solutions that transform enclosures from barriers to oppor-
tunities for thermal comfort, if adapted to the local context, will improve energy
efficiency and the well-being of the population. Ultimately, the transference of tech-
nical knowledge from academia or professional offices to the population, in general,
is critical as a means of subverting the self-construction process into one accounting
for environmental design criteria to improve the quality of life.
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Constructive Measures to
Counterbalance Climate Change Impacts
on Low-Income Housing in the Brazilian
Savannah Climate

Ivan Julio Apolonio Callejas , Emeli Lalesca Aparecida da Guarda ,
and Luciane Cleonice Durante

Abstract An important issue for bioclimatic measures is research that is easy to
implement for low-income housing (LIH) to enhance its habitability to face climate
change. This study investigates whether construction measures incorporated in the
building envelope are capable of counterbalancing climate change impacts on the
thermal performance of LIH found in the Tropical Savannah climate, in the Brazil-
ian Central-Western region. A base scenario is considered alongside future climate
change scenarios, using the Fourth Report of the Intergovernmental Panel on Climate
Change (IPCC). Building computational simulation was run to quantify the cooling
degree-hours (CDH) and the indoor thermal comfort conditions in Standard and Effi-
cient LIH. The predictions show that buildings in the Savannah regionwill be hit hard
by global warming. Thermal inertia, insulation, and low absorptance construction
measures enable LIH to be resilient in the 2020s, neutralizing the impact on CDH and
thermal comfort conditions. For the 2050s, measures provided five months within
comfort conditions and three months almost complying with the prescribed require-
ments. The bioclimatic measures suggested are an alternative strategy for removing
barriers to adapting buildings to global warming, especially those destined for the
low-income population, promoting building sustainability.
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1 Introduction

According to the Intergovernmental Panel on Climate Change [1], human activi-
ties are estimated to have caused approximately 1.0◦C of global warming above
pre-industrial levels and this is expected to reach 1.5◦C between 2030 and 2050
if anthropogenic emissions (including greenhouse gases, aerosols, and their precur-
sors) continue to increase at the current rate. Despite themagnitude of the projection’s
uncertainties, climate changes have had widespread impacts on human and natural
systems. These include a rise in the average temperature for most land and ocean
regions, hot extremes in most inhabited regions, and heavier precipitation in several
regions, among others that have arisen from human activities. Considering that the
number of hot days is projected to increase inmost regions, with the highest increases
between the tropics, the potential effect of climate change on the built environment
is an important issue and constitutes a barrier to be faced, especially for its design
and operation. Furthermore, global warming will affect buildings’ thermal behavior,
increasing hot season cooling, decreasing cold heating demand, and raising energy
consumption during the operational phase [2].

The Tropical Savannah Climate is very common, covering 11.5% of the world’s
land. It is found in 60.1% of South America [3] and, in Brazil, it represents 81.4%
of its territory [4]. This climate is characterized by high air temperatures throughout
the year, inducing high hours of thermal discomfort inside buildings [5]. Due to
its geographical location, future projection scenarios for climate change and world
socioeconomic development (usually used as a baseline for the 2050s) have indicated
an increase in hot days in the tropics, degrading thermal comfort conditions. As a
result, existing buildings in these regions may be greatly affected by future climate
change which constitutes a barrier that can be addressed by using design measures
and bioclimatic strategies to adapt buildings for global warming, especially those
destined for a low-income population. Thus, providing comfortable buildings is an
important issue since those populations do not have the financial resources to cover
increased energy consumption, exacerbating energy poverty, especially in developing
countries.

Mitigation and adaptation are strategies to address climate change. The first
focuses on the causes (accumulation of greenhouse gases in the atmosphere) whereas
the latter, on adapting to the impacts [6, 7]. Adaptation may mainly be reducing or
eliminating the risks of climate change impacts. In the building environment, this
can be achieved by enabling adaptation capacity through better building energy per-
formance [8].

In this sense, this research focuses on the habitability principle, which aims at
providing buildings that guarantee physical safety with adequate space, and protect
against the cold, heat, rain, wind, other threats to health, and structural hazards.
Particularly in Brazil, there is still a 6.355 million deficit [9] and to reduce this num-
ber, the Brazilian government established a policy for the low-income population,
implementing a national social housing program called “My House, My Life”, with
approximately five million housing units built by 2019 [10]. However, the units tend
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to prioritize lower costs, executing low-income housing (LIH) with similar typolo-
gies, designed basically with the same design and materials throughout the country,
despite the climate variations seen in Brazil. Some researchers have analyzed rep-
resentative LIH projects and demonstrated their insufficient thermal performance
[11–13], indicating the need for adequate measures to handle habitability and reduce
operational costs, which is an important aspect for the low-income population [14].
In general, quantity has been prioritized over quality, compromising habitability.
In addition, the possible threats emerging from climate change and responses to
its effects have become important aspects to consider in housing for low-income
populations.

The use of a building simulation method is recommended to predict building
thermal performance, although they use current weather files based on data collected
between 1961–1990,which do not capture the potential climate change trend. Studies
have been conducted in the country to evaluate building behavior under the global
warming effects [8, 15], but there is a lack of information on buildings found in
Savannah climate regions. In addition, adaptation strategies have been suggested,
but they usually focus on measures for the design phase, which are often difficult to
implement in the operational phase.

In this context, this research investigates whether passive construction practical
measures applied to LIH are capable of providing thermal resilience to counteract the
effects of climate change in theBrazilianSavannah climate region, using the scenarios
established by the A2 emission scenario described in the Fourth Assessment Report
(AR4). Since the Savannah Tropical climate (Aw) covers a vast area of the planet
(practically between the Tropic of Cancer and Capricorn), the building measures
proposed in this research may potentially be applied to other regions with the same
weather pattern to improve thermal habitability, helping them to remove barriers to
face the impacts of climate change, especially in the built environment deployed in
developing countries located in Latin America, where a review of the literature has
indicated the lack of housing conditions to provide adequate health, quality of life,
and well-being [16].

2 Material and Methods

This research is classified as applied research, which is conducted to generate knowl-
edge for practical applications, aiming at solving specific problems. Thus, this cur-
rent research was developed considering a base scenario approach, which was built
based on primary and secondary climate data files, i.e. with and without the potential
influence of the global warming phenomenon. Future tendencies or desirable future
scenarios, i.e., the climatic conditions which may prevail in future periods due to the
effects of climate change, have been generated for this scenario, which uses climate
data from the 1961–1990 period [17, 18].

The following steps were undertaken: (a) city climate and bioclimatic zone char-
acterization; (b) future weather files preparation; (c) building materials and envelope
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Fig. 1 Tropical savannah climate zones (Aw) worldwide. Adapted from [3]

characterization; (d) considerations for building computer simulation modeling; (e)
definition of representative parameters for building thermal simulation considering
natural ventilation; and, (f) definition of practical passive measures for climate adap-
tation and their evaluation using indicators in the operational phase.

2.1 Climate and Bioclimatic Zone Characterization

The focus here is to provide thermal resilience for LIH in the Tropical Savannah
(Aw) climate. Thus, this study chose the city of Cuiabá, located in the Brazilian
Central-Western region (15◦36′56′′S; 56◦6′1′′W). This climate type has a high air
temperature throughout the year, wide hygrothermal variations, and an undefined
or absent winter season [5]. This type can be found in several locations around the
world, between the Tropics of Cancer and Capricorn (See Fig. 1).

Brazilian bioclimatic zoning comprises eight zones, with Z1 being the coldest,
and Z8, the hottest. Cuiabá is inserted in bioclimatic zone Z7 [19]. The strategies
for passive thermal cooling recommendations for this zone are evaporative cooling,
thermal mass for cooling, and selective ventilation when the indoor temperature is
higher than the outdoor one.
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2.2 Generation of Future Climatic Data

TheClimate ChangeWorldWeather Generator (CCWorldWeatherGen tool) [20] tool
was used to process current Brazilianweather files and convert them to futureweather
files. This tool uses “morphing” methodology [21] to input climatic anomalies by
modifying a set of historical climatic variables (from 1961–1990) of 8760 hours per
year, and this way incorporating the effects of global warming on the climate files,
thus making it possible to obtain projections of future climate data. It considers the
Hadley Centre Coupled Model version 3 (HadCM3). This model represents the A2
scenario of AR4 greenhouse gas emissions [7], which considers moderate economic
growth, high population growth, and high energy consumption, with a global average
temperature increase ranging from 2.0 to 5.4◦C from the 1961–1990 period until the
century’s end.

As a base for this research, the Cuiabá EnergyPlus Weather file (EPW) was used
as current climatic data (base scenario). It was obtained from the Solar and Wind
Energy Resource Assessment (SWERA) for the 1961–1990 period. This database is
considered without the influence of urban density on the climate of the study region
due to climate change. From this database, the periods of the 2020s (period from
2011–2040), 2050s (2041–2070), and 2080s (2071–2100) were generated using the
CCWorldWeatherFileGen tool.

2.3 Building Materials and Envelope Characterization

A representative detached LIH characterized by Guarda et al. [12], which is widely
replicated in all regions of Brazil, was selected for the study (See Fig. 2a). Its choice
was based on the fact that these dwellings are handed out without adaptation for the
region’s climatic conditions, resulting in buildings with poor thermal performance
[11, 13], compromising their indoor thermal comfort conditions [14]. It was also
considered that low-income populations are the most vulnerable to the impact of
climate change due to their lack of resources to bear the financial costs to keep the
building’s thermal conditions within required habitability standards.

The LIH in question, is a single-family detached house in contact with the ground,
with a 39.5 m2 of built area. The windows havemetal frames with two opaque sliding
panels and 3 mm thick single glass (windows dimensions–living room: 1.5 × 1.0 m;
kitchen: 1.0× 1.0m; bedrooms: 1.2× 1.0m; bathroom: 0.6× 0.5m). The ventilation
factor (VF) and lighting factor (LF) were considered as 0.45 for all windows. Internal
and external doors are made of wood and metal (0.8 × 2.1 m), respectively. The
ceiling has a free-hanging structure of PVC sheets (Fig. 2b). The thermophysical
properties of the building components were obtained from NBR 15.220-2 [19]. The
attic space has thermal resistance equal to 0.21 m2 K/W (See Fig. 3).
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(a) (b)

Fig. 2 a House photo and 3D model representation with solar chart; b Floor plan (dimensions in
meters)

Envelope Materials (layers) Thickness
(m)

R
(m²K/W)

U
(W/m²K)

TC
(J/m²K) Absorptance

Wall Mortar (internal 
and external) 0.015

0.40 2.49 177.3 0.3
Ceramic brick 0.09

Roof Ceramic tiles 
(brown) 0.01

0.48 2.08 29.9 0.8Attic -
PVC ceiling

(White) 0.01

Fig. 3 Thermophysical properties of the Standard LIH envelope. R: Thermal Resistance; U: Ther-
mal Transmittance; TC: Thermal capacity

2.4 Building Computer Simulation

The OpenStudio plugin was used to model the LIH project and the EnergyPlus
software [22] to make a thermal simulation. The indoors and roof attic were set
as thermal zones. In the simulation, the building uses natural ventilation during
the whole day, considering 20◦C as the indoor temperature control for the opening
or closing of windows. The Brazilian regulation for energy efficiency in buildings
(RTQ-R) [23] was considered to define the occupation for 4 and 2 people in the living
room and the bedroom, respectively.
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LIH Heating Degree-Hours (HDH) and Cooling Degree-Hours (CDH) were used
as building thermal performance indicators under natural ventilation conditions.
To calculate heating and cooling degree-hours, base temperatures were set at 22
and 26◦C, respectively. These indicators were estimated annually based on the
indoor operative temperature for extended stays in rooms (bedrooms and integrated
kitchen/living room). Only one indicator was considered in thermal performance,
obtaining the weight of room areas. Soil temperature significantly influences ther-
mal simulation, thus the “ground domain slab” from EnergyPlus software was used
to estimate temperatures under dwellings for the scenarios.

The effectiveness of building measures adopted to improve indoor building ther-
mal comfort was evaluated since it is typical for the low-income population not to
have an air conditioning system in their home due to its operation costs. In this way,
the index based on the study of adaptive thermal comfort proposed by de Dear and
Brager [24] was considered, where thermal comfort levels are defined based on the
monthly neutral temperature (Tn , in ◦C) related to monthly outdoor air temperature
averages (TEmed, in ◦C), following Eq. (1)–valid between 10.0 and 33.5◦C. Thermal
comfort ranges were determined following the procedures of ASHRAE Standard 55
[25]. The monthly upper and lower limits were defined for 90% of satisfied users.

Tn = 17.8 + 0.31TEmed (1)

Based on a literature review, no individual passive measures can neutralize the
increase of cooling demand on LIH. Therefore, a combination of passive strategies is
needed to counterbalance the potential effects of climate change. NBR 15.575 [26]
and NBR 15.220 [19] are used as references, to prescribe the following practical
passive construction measures:

• Improvement of envelope components’ thermal performance: measures are related
to the wall and roof systems. The LIH envelope was enhanced, improving the
thermal insulation and reducing the solar absorptance;

• Building envelope should be level ‘A’ in the Brazilian Energy Label for residential
buildings. Level ‘A’ is reached for Cuiabá when the weighted CDH in the long-stay
rooms is equal to or lower than 12,566◦Ch;

• Passive constructive adaptation measures should be technically capable of being
implemented simply in deployed buildings, i.e. in-use condition since there are
many standard LIH in operation in many Brazilian regions;

• Material availability in the region and affordable costs for low-income populations
focuses on removing barriers to its implementation. The chosen materials are
commonly found in building supply shops. Thus, they can be implemented in
other Brazilian regions or countries with similar climates.

As a result, the combined passive constructive adaptive measures indicated in
Fig. 4 were implemented in the building envelope (internal components remained
the same as indicated in Fig. 3): (a) Wall system: insertion of expanded polystyrene
sheets (EPS) (0.04m) only on external walls together with increasing external mortar
thickness (from 0.015 to 0.025 m); The external walls absorptance was reduced by
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Envelope Materials 

(layers)

Thickness

(m)

R

(m²K/W)

U

(W/m²K)

TC

(J/m²K)
Absorptance

Wall Mortar (internal 

and external)
0.025

1.13 0.89 169.4 0.15 EPS sheet 0.040

Ceramic brick 0.09

Roof Ceramic tiles 0.01

0.85 1.2 41.9 0.15 
Aluminum foil -

Attic space -

PVC ceiling 0.01

Fig. 4 Modified thermophysical properties adopted for the RTQ-R efficient LIH envelope. R:
Thermal Resistance; U: Thermal Transmittance; TC: Thermal capacity

changing their color to white (α from 0.3 to 0.15); (b) Roof system: an aluminum foil
layer was added under the ceramic tile for thermal insulation (elevating air thermal
resistance in the attic to 0.61 m2 K/W), and the external side of tiles was painted
white (α from 0.8 to 0.15).

3 Results

3.1 Thermal Energy Performance Analysis

The impact on external air temperature and relative humidity will aggravate the
indoor thermal conditions of existing buildings in the Savannah region and their
building degree-hours indicators (Fig. 7). The CDH indicator for the Standard LIH
will increase by 37,891◦Ch and the HDH indicator will reduce by 499◦Ch between
the base scenario and 2080. The cooling demand will increase by 38% in the 2020s,
68% in the 2050s, and 114% in the 2080s, directly related to the air temperature
increase. On the other hand, heating demand will decrease by 46% in the 2020s,
64% in the 2050s, and 85% in the 2080s compared to the base scenario.

Despite the improved bioclimatic measures, climate change will also worsen Effi-
cient LIH’s thermal performance, progressively reducing its efficiency in future sce-
narios. In the 2020 scenario, the CDH indicator increases by 10,356◦Ch, almost
doubling due to the climate changes that may prevail in this period. Despite that,
it is remarkable that CDH in this typology is lower than that observed in the cur-
rent scenario in Standard LIH. Thus, passive measures, whether applied on external
walls and the roof system, have the potential to improve the resilience of buildings to
counterbalance the impacts of global warming in the 2020 scenario. Similar behav-
ior is seen in the 2050 scenario, with CDH almost tripling the base scenario (rising
22,456◦Ch). Nevertheless, the thermal performance for Efficient LIH is almost the
same as that observed in standard LIH for the current scenario, which indicates that
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Fig. 5 CDH and HDH of the Standard and RTQ-R Efficient LIH (CDH and HDH in ◦Ch)

passive measures implemented in the envelope are still capable of counterbalancing
the impacts of global warming. However, for the 2080 scenario, the climatic condi-
tions completely degrade the building’s thermal performance but are still better than
the Standard LIH.

Based on Brazilian regulations for energy efficiency in buildings, Standard and
Efficient LIHs have energy efficient levels rated ‘E’ (CDH > 30,735◦Ch) and ‘A’
(CDH ≤ 12,566◦Ch), respectively in the base scenario. The lack of adequate perfor-
mance of Standard LIH is related to the building envelope characteristics, which have
low thermal insulation as previously described. With such an elevation as described
in the CDH indicator previously, the performance of Efficient LIH is progressively
deteriorated, becoming level ‘C’ in the 2020s (18,622 < CDH ≤ 24,679◦Ch). In the
2050s, it reaches the same level of Standard LIH (level ‘E’), while in the 2080s, it
keeps a worse level of efficiency but exceeds the one observed in the current condi-
tion (CDH > 33,174◦Ch). In this regard, it should be pointed out that benchmarks
established in the Brazilian regulation should be corrected for climate change effects
for a fair comparison.

Concerning theHDH indicator, due to the high frequency of elevated temperatures
throughout the year, aggravated by global warming, a decreased trend was observed
in both buildings (See Fig. 5). Thus, climate change will drastically affect such
indicators, almost eliminating indoor heating needs. However, this potential future
impact brings no benefit to the house’s energy consumption as the heating system is
not used in the region due to the preponderance of high temperatures throughout the
year [5].

3.2 Thermal Comfort Analysis

Thepractical adaptationmeasures implemented inStandardLIHeffectively improved
building habitability in the base scenario, increasing thermal comfort, and reducing
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Fig. 6 Hours of comfort and thermal discomfort in Standard and RTQ-R Efficient LIH

hot discomfort hours inside the building (See Fig. 6). It is possible to notice that
Efficient LIH is more effective in providing thermal comfort hours (66.5%) than
Standard LIH (35.9%) since this typology is handed out to users disregarding cli-
matic adaptation to the region in question. Therefore, the proposed passive measures
improved the building’s habitability for the researched location in the base scenario.

In future scenarios, comfort and cold discomfort hours are progressively reduced
by the increase in air temperature. Until the 2020s, Efficient LIH can provide more
hours of thermal comfort than hot discomfort (>50%). Thereafter, hot discomfort
predominates within the building, driving a strong impact on the building’s habitabil-
ity in the tropical savannah climate. For hot, hours of comfort should be superior to
hot discomfort hours, Efficient LIH will provide adequate living conditions until the
period from 2011 to 2040 (>50%). This is associated with the lack of building ther-
mal insulation and the rising external air temperature which lowers the capacity to
remove indoor heat by the use of cross-ventilation, compromising the effectiveness of
adaptationmeasures and others that intend to increase the building’s insulation, since
the more significant the insulation, the greater the heat retained inside the building.

As for monthly thermal comfort in the base scenario, just in June and July, the
mean indoor temperatures remain inside the adaptive thermal comfort range (dashed
lines) in Standard LIH due to the lack of thermal insulation. However, the insulation
improvement provided by the practical measures deployed in the building’s envelope
can control thermal gains, providingmilder indoor air temperatures which fall within
thermal comfort limits (See Fig. 7a).

Even considering that the thermal comfort range will shift because of users’
adaptability to climatic conditions which may prevail in the 2020s (Fig. 7b), thermal
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Fig. 7 Thermal comfort conditions in Standard and Efficient LIH

comfort conditions in Standard LIH are only reached for the indoor environment in
July (the coldest month of the year), while in Efficient LIH, this is found in all months
of the year except for October. Thus, practical measures can provide resilience to
the building, improving thermal conditions in the 2011 to 2040 period. However, for
the 2050 and 2080 scenarios (Fig. 7c, d), it is noticed that indoor monthly average
temperatures are gradually rising, moving outside thermal comfort range limits. In
these periods, thermal discomfort conditions are preponderant in both buildings.
Thus, the desired resilience to the effects of global warming is not achieved evenwith
its envelope being considered level A on the efficiency scale. As a result, designers
must consider alternative bioclimatic measures to improve the building’s ability to
counteract climate change impacts.

4 Discussion

It has been ratified that Standard LIH has been handed out to users with insufficient
thermal isolation for the Savannah climate. However, it has been possible to improve
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dwellings’ thermal performance by incorporating bioclimatic efficiency measures
into Standard LIHprojects for currentweather conditions, as observed in the previous
research conducted in Brazil [13, 27]. Following the Brazilian Regulation’s recom-
mendations, practical adaptation measures applied to Efficient LIH provided better
isolation for the envelope, decreasing the CDH of the base scenario by 21,053◦Ch in
the base scenario, which represents a 174% reduction compared to Standard LIH. It
also provided more hours of thermal comfort than discomfort (>50%), improving its
habitability. When considering its applicability in retrofit cases, the proposed build-
ing measures allow easy implementation outside the building envelope, not requiring
profound interference in existing buildings.

Although Efficient LIH has energy efficient levels rated ‘A’, the future climatic
conditions which may prevail, drastically affect the building’s thermal performance,
reducing its energy efficiency to level ‘E’. A progressive reduction was seen in
the building’s performance with the advance of the predicted climate change, with
CDH for the house, under the best combination of adaptation measures, almost
double the base scenario. Thus, the concomitant use of different passive design
strategies is essential to decrease the potential impact of climate change on the
Brazilian building stock. A similar decrease in building energy efficiency is reported
for five-star buildings analyzed in Darwin, Australia, and in Guangdong Province,
China, due to the rising energy requirement in the 2050 scenario [28, 29]. This fact
indicates the need to establish specific design guidelines in building certification
codes to deal with this potential issue.

Despite envelope improvements, for thermal comfort conditions, practical mea-
sures only provide resilience to the building in the 2020s although it provides five
months within comfort conditions in the 2050s period, with three months almost
(from January to March) reaching the upper thermal comfort threshold. This sug-
gests that a small increase in the building envelope’s insulation can help it reach
resilience for this period. On the other hand, the 2080s are characterized by com-
plete indoor thermal discomfort. Therefore, practical measures cannot completely
help one adapt to become resilient to climate change. A study evaluated the future
effects of climate change on thermal comfort conditions of a single-family residen-
tial building located in Belém, a region with hot weather conditions in Brazil [18]
and according to the authors, the use of passive design strategies may not provide
the necessary indoor thermal comfort through the use of natural ventilation until
the 2080s, only in the 2020s. Therefore, alternative adaptation measures need to be
implemented, especially to achieve resilience in the 2050s. However, they might
require profound modifications to the building envelope, affecting the occupants’
living conditions during the implementation phase, which is not the scope of this
research. In this regard, the increasing thermal insulation in the building envelope
should be carefully studied so as not to worsen indoor thermal conditions and not
incorporate ineffective construction measures for the building environment.

This research recognizes and anticipates potential habitability problems related
to hot thermal discomfort that impact dwellings in the current and future climate
change scenarios in the Savannah region. This issue is important since low-income
populations often do not have the financial resources to cover possible electricity
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costs related to air conditioning systems to adapt the building’s thermal comfort or to
implement proposed construction design measures. Overcoming these barriers will
require government programs to help adapt low-income buildings to global warm-
ing. By providing investment for the construction sector and fostering technological
innovation, the design of new improved building envelopes might help offer better
thermal conditions to users. For dwellings in use, habitability improvements can
be achieved by granting subsidies to purchase the construction materials needed to
implement the constructive measures proposed in this research, and an application
led by professional technical support.

5 Conclusions

The thermal analysis indicated that implementing passive practical constructionmea-
sures is successful in improving building performance and habitability, acting as a
potential climate-response strategy for the Tropical Savannah Climate (Aw).

Due to improper specifications of materials and constructive systems, the current
building envelope does not cover all the recommendations and guidelines established
for the bioclimatic code. As a result, the representative project showed a poor per-
formance in current climate conditions, performing even worse if projections for
cooling demand, increasing 114% in the 2080s, occur due to climate change.

Following the recommendations and guidelines established in the bioclimatic
code, it was possible to design an Efficient LIH incorporating the practical construc-
tive measures of thermal inertia, insulation, and low absorptance. These measures
provided a building envelope energy efficiency classification level of ‘A’. Despite
being 23%more efficient on average than the Standard one, its efficiencywas reduced
in each period due to the effect of global warming. Due to the expected increase in air
temperature, the use of natural ventilation as a strategy to cool residential buildings
is affected, reducing heat transfer from indoor to outdoor environments. Thus, global
warming may restrict keeping adequate building thermal performance and comfort
within required standards. In this sense, practical measures can only provide building
resilience for the 2020s scenario. For the other scenarios, bioclimatic solutions are
required to adapt the building to potential climate change.

The addressed building envelope energy efficiency measures for climate change
adaptation are conducted in a specific building typology, representing existing prac-
tices in theBrazilian housing lower-income sector. Thiswas chosen due to its building
envelope, which comprises roofs and walls with traditional materials (brick masonry
and ceramic roof tile), commonly used in most Brazilian buildings. Therefore, the
research findings help to overcome barriers to the low-income population since these
measures can improve current and future building performance, contributing to not
worsening energy poverty, especially in developing countries. Moreover, the pro-
posed measures may be extended to other typologies with similar envelopes since
they were idealized to be installed on the outside building envelope, and, in retrofit
cases, they can be easily installed in the building envelope, not compromising its use.
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Impact of Passive Design Measures on
the Thermal Comfort of Social Housing
in the Context of Climate Change
in Montevideo, Uruguay

Lucia Pereira-Ruchansky and Alexis Pérez-Fargallo

Abstract The thermal comfort problem has usually been studied from energy
perspective, using energy demand as an indicator, disregarding that, in contexts of
poverty and energy vulnerability, there are dwellings that do not use air condition-
ing or only partially do so. This approach constitutes a barrier to understanding
the phenomenon and achieving context-appropriate solutions. Additionally, climate
change projections show that for these dwellings, the main problem will be adapt-
ing to achieve comfort in the future climate. On the other hand, energy regulations,
in our context, focused on new buildings and construction measures, limit comfort
conditions in existing dwellings to the economic possibilities of inhabitans to imple-
ment improvements. This article evaluates improvement measures for typical social
housing in Uruguay. It considers the time in comfort as an indicator, using adaptive
thermal comfort models. It studies passive, constructive, and operational improve-
ments, to eliminate economic barrier. It evaluates, by simulation, their current and
future thermal performance, demonstrating that operational, ventilation, and solar
protections parameters, have high impact with zero cost on thermal comfort, being
decisive to avoid overheating in cases combined with high insulation levels and air-
tightness, underlining the need to consider them from the design as well as training
inhabitants in their use.

Keywords Adaptive comfort · Thermal performance · Climate change · Social
housing
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1 Introduction

Today, the depletion of non-renewable resources coupled with global warming is
demanding more efficient buildings and the use of renewable energies [1]. Buildings
throughout their life cycle are energy consumers and, therefore, sources of green-
house gas emissions, and at the same time, their energy performance is conditioned
by the climate to which they are exposed, and as a consequence, they will be directly
affected by changes in climatic conditions. This duality has promoted two lines of
approach, mitigation, and adaptation of buildings to climate change (CC).

At a global level, from the mitigation perspective, building regulations have
focused on establishing performance standards to reduce energy consumption for air
conditioning and, thus, reduce CO2 emissions [2]. At the same time, the efficiency of
active systems used by buildings has been promoted, the replacement of fossil energy
consumption with renewable energy, and the production of onsite energy, leading to
the development of the concepts of nearly/new Zero Energy Buildings [3]. Hence,
the focus has been on energy aspects to reduce consumption.

The energy consumption for air conditioning is determined, among other factors,
by the energy efficiency of the building and the air conditioning system, the intensity
of use of the system, and the thermal comfort requirements of its users. However,
in energy poverty contexts, energy consumption is not a reflection of the amount of
energy needed to reach comfort conditions inside the house, as they do not use air
conditioning systems or do so only in extreme climatic conditions [4], and often only
use it when at room and at limited times, due to difficulties in accessing energy and
its affordability.

The approach to comfort from the energy perspective, when the deficit of comfort
conditions is not associated with energy consumption, is identified as a first barrier
to the real understanding of the problem in the context studied. Associated with this,
thinking about the problemofCC frommitigation is also a limitation to understanding
how this phenomenon will affect inhabitants in these contexts, with the main CC-
related consequence for these houses being the adaptation they must undergo to
achieve comfort in the future climate conditions.

For this reason, some authors have questioned the use of energy demand or con-
sumption as an indicator to quantify the performance of dwellings, identifying that the
percentage of time that dwellings can operate in free oscillationwithin comfort ranges
using adaptive comfortmodels (ATC) is amore accurate indicator in these cases [2, 5].
In this line, previous researchhas shown that theuseofboth indicators, energydemand
and time in comfort, is not analogous, with it being necessary to know themode of use
of housing to evaluate the performance of improvement strategies [6].

ATC models were mainly developed in offices, and despite this, it is acknowl-
edged that they are particularly suitable for dwellings because inhabitants have the
freedom to adapt their clothing, and open or close windows to improve the thermal
sensation [7]. In the local context, as in other countries of the region, an important part
of the housing stock does not reach thermal comfort conditions [8], due to the condi-
tions of their envelopes, on mostly old houses, built before thermal regulations came
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into force [9]. This has a direct impact on the energy demand associated with air con-
ditioning and, as a consequence, on the habitability conditions and the possibility of
the user to assume the economic cost entailed to maintain indoor comfort conditions
[10].

Regulations and programs for existing housing are incipient in this context, despite
the extensive number of old buildings. The generalization of regulations focused on
new buildings, as well as requirements focused on buildings’ constructive aspects,
are also identified as barriers to achieving comfort in existing dwellings, especially in
vulnerable situations, where improving the performance of the building and conse-
quently improving comfort conditions, are conditioned to the economic possibilities
that their users have.

Passive strategies aim to take advantage of climatic conditions to have naturally
conditioned spaces, controlling energy flows between indoor and outdoor spaces.
As Andrić et al. [11] point out, conventional passive energy renewal measures in
dwellings focus on the envelope: increase in thermal insulation, improvement of air-
tightness, incorporation of efficient glazing, incorporation of green roofs and walls,
modification of surface reflectivity and absorptivity, use of fixed and mobile solar
protections, natural and nighttime ventilation. With most of them being construc-
tive improvements, mobile solar protections and ventilation stand out as operational
measures [7, 12], where the effectiveness is determined by the use the inhabitants
give it.

The application of passive strategies in buildings constitutes both a mitigation
and adaptation measure. They reduce the demand for air conditioning energy and
generate positive impacts on the living conditions of dwellings and the well-being
of users, especially in cases where comfort conditions are poor due to economic
difficulties in accessing energy [13], thus contributing to reducing energy poverty
situations [1, 7].

This chapter, in response to the identified barriers, studies an existing social hous-
ing case, considering for its evaluation, the specifics of the local context: climatic
(current and future) and mode of use (free oscillation). The objective is to evaluate
the impact over time on comfort, under the adaptive thermal comfort model, when
applying constructive and operational energy improvements, considering that they
must satisfy thermal comfort requirements in current and future climate conditions.
In addition, the impact of the CC on thermal comfort was evaluated in the cases
studied to understand the adaptation that dwellings will require for future climate
conditions.

This is how it is proposed to shift the focus of the macro-global gaze concentrated
on energy-environmental problems, to the scale of living spaces and their inhabi-
tants. Moving from evaluating the energy performance of dwellings to evaluating
the thermal performance and comfort conditions of their inhabitants.
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2 Methodology

2.1 Study Case and Context

2.1.1 Social Housing–Uruguay

The case study is determined considering the representative characteristics of the
housing stock, based on the data analysis of the distribution and typologies of housing
in Uruguay, as well as their material characteristics and age [14, 15].

A detached single-family house is considered, part of the social housing program
of the Intendency of Montevideo. It has a surface area of 70.4 m2, on one floor,
with three bedrooms, a living room, a kitchen, and a bathroom (See Fig. 1). It is
studied in a free and unobstructed environment, as these are the typologies that have
the largest exposed envelope surface and, consequently, greater thermal exchange,
which is assumed as the most unfavorable situation. The south-facing main façade
was considered for the case study.

The housing envelope uses a heavy construction systemwithout thermal insulation
and has concrete block walls (U = 2.62 W/(m2 K)), a concrete slab ceiling (U =
3.40 W/(m2 K)), a floor in contact with the ground (U = 2.60 W/(m2 K)), and iron
single glazed windows (U= 5.80W/(m2 K)). The operation and use conditions were
established based on the average household size of the lowest quintiles, determining
an occupation of four people [16], while the occupancy and use loads and schedules
followed Picción et al. [17]. In addition, a ventilation flow rate of 2.5 L/s person and
0.3 L/s m2 was established [18].

Fig. 1 Case study: floor plan and façade
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In a previous article [6], the calibration of this house was made, obtaining a max-
imumMean Bias Error (MBE) of 3.5%, lower than the 10.0% required by ASHRAE
[19], and a maximum Coefficient of Variation of the Root Square Mean Error (CV
(RSME)) of 6.7%, less than the 30.0% required by the same regulations.

2.1.2 Current and Future Climate

The climate type ofMontevideo (34◦50′S, 56◦12′W, 16.27MAMSL) is, according to
the Koppen climate classification, a “Cfa”, temperate, moderate, and rainy with mild
winters and humid and warm summers, and precipitation throughout the year. It is
characterized by a significant thermal amplitude, both in the seasonal period (12.1◦C
between January and July) and in the daily thermal amplitude (between 7.8◦C in July
and 10.4◦C in January).

The study, apart from the current climate scenario, considers the climate scenario
the dwelling will be exposed to in the future, considering the scenario of the Inter-
governmental Panel on Climate Change (IPCC) A2 for 2050 on this being a suitable
period considering the service life of an energy retrofit for an existing dwelling [20].

The energy simulation requires using climatic files in epw format, representative of
the climatic conditions of the context where the buildings being analyzed are located.
The weather files for the current and future weather were made in ©Meteonorm. For
the current climate, the typical meteorological year (TMY) was used for Montev-
ideo. For the future climate, this was generated by a downscaling process at a local
scale, using the Hadley CM3 climate model for IPCC AR4 scenarios. It is important
to consider that the future climate files represent projections of typical meteorolog-
ical years with little representation of localized climate variations or extreme event
phenomena associated with CC [21].

2.2 Evaluation by Adaptive Thermal Comfort

The thermal performance of the studied cases was evaluated by applying the ATC
model of the ASHRAE 55 standard [22] for a thermal acceptability of 80%, as it is
applicable in social housing [5].

The thermal comfort ranges and neutral temperature in the adaptive comfortmodel
are directly related to outdoor temperatures and, therefore, were calculated for each
climate scenario evaluated under the climate files used.

The evaluation was made for each case in two rooms with different orientations
and uses: Living Room and Bedroom 2, considering the percentage of annual time in
thermal comfort when the house works in free-running. In addition, the percentage
of annual time where the house remains in discomfort due to heat and cold was
evaluated.
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2.3 Passive Improvements and Selected Cases

The base case and cases with improvements, under current climate and future sce-
nario conditions, were evaluated experimentally from the results obtained by energy
simulation in ©DesignBuilder.

Improvement strategies and thermal energy were determined by analyzing the
performance of the base case under current and future climate conditions, considering
that according to Montevideo’s climate conditions, it has a cold and a hot period;
and considering two types of constructive and operational improvements.

For the cold period, solar gains were favored by keeping the windows free of
solar protections, and the heat losses through the envelope were controlled, reducing
thermal transmittance (walls, roof, and windows) and infiltrations. The levels to be
evaluated for each improvement were based on existing local regulations and from
similar climates and materials available in the local market [23–26]. In all cases and
as the initial construction has a thermal mass level that is considered favorable, the
incorporation of insulation in the envelope was considered from the outside.

For the hot period, shadingwas considered to avoid solar gains, using exterior PVC
roll-up curtains in all orientations, activewhen the outdoor temperature exceeds 19◦C
and the incident solar radiation is greater than 120 W/m2, and nighttime ventilation
to dissipate the heat accumulated inside, considering ventilation between 10 pm and
9 am from December to March, with two flows, 2.7 and 5.3 L/s m2. Operation and
flow were determined from the analysis of the discomfort due to heat conditions for
the base case.

To study the multiple possible combinations between the variables, the optimiza-
tion module of the DesignBuilder program was used, obtaining as a result, a set
consisting of 175 cases (initially there were 457, but cases that presented minimal
differences were discarded). From all the simulations run, and the resulting set of
cases, a total of 14 cases were chosen to evaluate their thermal performance, 6 cases
with individual measures, and 8 cases with combined measures (see Table 1). Case
A represents the current condition of the dwelling, and cases B to G represent the
application of individual improvements (6 cases): incorporation of solar protection
(SP) (case B); replacing window (transmittance and infiltrations) (case C); reduction
of the infiltrations (Case D); integrated window change (transmittance, protection,
and infiltrations) (Case E); modification of the wall transmittance (Case F); andmod-
ification of the roof transmittance (Case G). Cases H to O (8 cases) represent the
combination of all the improvements with different demand levels. All these cases
are studied considering only hygienic ventilation [18]. In addition, the base case
(Case A), and the chosen cases with combined means (H, I, J, K, L, M, N, O), were
simulatedwith the operational improvement of nighttime ventilation, thus generating
another 16 cases (For example, A1 and A2).
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Table 1 Cases evaluated

Case U value (W/(m2 K)) Inf.
ACH

Solar Ventilation

Wall Ceiling Wind n50 Prot. (L/s per +
L/sm2)

Cases with individual
measures

A
(A1,A2)

2.62 3.4 5.8 8.2 – 2.5 + 0.3*

B 2.62 3.4 5.8 8.2 100% 2.5 + 0.3

C 2.62 3.4 2.7 5 – 2.5 + 0.3

D 2.62 3.4 5.8 1 – 2.5 + 0.3

E 2.62 3.4 2.7 5 100% 2.5 + 0.3

F 0.5 3.4 5.8 8.2 – 2.5 + 0.3

G 2.62 0.32 5.8 8.2 – 2.5 + 0.3

Caseswith selected com-
bined measures

H
(H1,H2)

0.85 0.85 2.7 8.2 100% 2.5 + 0.3

I (I1;I2) 0.61 0.47 2.7 5 100% 2.5 + 0.3*

J
(J1;J2)

0.5 0.32 2.7 8.2 100% 2.5 + 0.3*

K
(K1;K2)

0.5 0.32 2.7 5 100% 2.5 + 0.3*

L
(L1;L2)

0.5 0.32 2.7 1 – 2.5 + 0.3*

M
(M1;M2)

0.5 0.32 5.8 1 100% 2.5 + 0.3*

N
(N1;N2)

0.61 0.32 2.7 1 100% 2.5 + 0.3*

O
(O1;O2)

0.5 0.32 2.7 1 100% 2.5 + 0.3*

*These cases have also been simulated incorporating nighttime ventilation between December and
March from 10 pm to 9 am with two ventilation flows, 2.7 L/sm2 (A1, H1, I1, J1, K1, L1, M1, N1,
O1), and 5.3 l/s·m2 (A2, H2, I2, J2, K2, L2, M2, N2, O2)

3 Results

The base case together with the selected improvement cases were analyzed using
the ASHRAE 55-2017 adaptive comfort model, applying the comfort ranges corre-
sponding to each climate scenario for a thermal acceptability of 80%. The results are
presented for the current and future climate, by total annual time in thermal comfort,
in discomfort due to cold, and in discomfort due to heat, allowing identifying the
impact of the evaluated strategies.



394 L. Pereira-Ruchansky and A. Pérez-Fargallo

3.1 Thermal Comfort in the Base Case

The thermal performance of the base case (Case A) is presented in Fig. 2 by room
studied, for the current climate and future scenario A2 in 2050.

For the current climate, the percentage of annual time in comfort conditions in
the house varies between 45.8 and 48.9% depending on the room, while in the
percentage of time in discomfort, discomfort due to cold prevails with 31.3 and
29.5%, compared to discomfort due to heat of 22.9 and 21.6%, in the living room
and bedroom 2 respectively.

By 2050 in scenario A2, the total time in comfort presents a slight decrease,
reaching 44.1 and 47.2%, the time in discomfort due to cold decreases to 23.7 and
22.2%, and discomfort due to heat increases to 32.2 and 30.6% in the living room
and bedroom 2 respectively.

The analysis of the base case allows verifying that in future climate conditions,
users will experience a total time in comfort similar to that of the current climate.
However, as a result of the projected temperature increase, as other research has
presented [2, 27], an inverse behavior to that of the current climate is expected in
future climates in the discomfort conditions in this house, with discomfort due to
heat prevailing over discomfort due to cold.

3.2 Impact of Passive Improvements on Thermal Comfort

The results obtained by case with improvements, and comparatively regarding the
base case (Case A), by climate scenario and room, are presented in Fig. 2.

The individual improvements, cases B to G, had variations of less than 5% com-
pared to the base case in the percentage of time they are in comfort, in discomfort
due to cold, and in discomfort due to heat, in both scenarios and rooms studied.

On the other hand, nighttime ventilation as an individual improvement (Cases A1
and A2), stands out for its impact on reducing the percentage of time in discomfort
due to heat and, consequently, in the increase of time in comfort compared to the base
case. This increased in the current climate by 7.2 and 6.4% for a level of 2.7 L/sm2,
and by 10.5 and 10.3% for a level of 5.3 L/sm2, for the living room and bedroom 2
respectively. For the future scenario. the variation is similar, 7.0 and 6.4% for a level
of 2.7 L/sm2, and 11.2 and 10.8% for a level of 5.3 L/sm2 for the living room and
bedroom 2 respectively.

The cases studied with combined improvements, H to O, except for case L, show
that the higher the level of insulation (in walls, ceilings, and windows) and air-
tightness, the more discomfort due to heat increases and the discomfort due to cold
decreases. While case H (improvements combined with lower levels of opaque ther-
mal transmittance and higher levels of infiltrations) from this set, has the least dis-
comfort due to heat and most discomfort due to cold. Case O (the most demanding
case in both aspects) presents the reverse.
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Fig. 2 Percentage of time in comfort or discomfort by case study, Current and future A2 2050
climate scenario, Living room: a Total time in comfort, b Time in discomfort due to heat, c Time
in discomfort due to cold, Bedroom 2: d Total time in comfort, e Time in discomfort due to heat, f
Time in discomfort due to cold
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Evaluating the impact of improvements over the base case for this set, while all
decrease the time in discomfort due to cold, by between 1.2 and 9.9%, in the current
climate, and by between 3.2 and 10.4% in the future climate, in some cases for the
Living Room (Case N and O in the current climate, and K, M, N, and O in the future
climate) the time in discomfort due to heat slightly exceeds that of the base case,
with 2.4 and 2% rises from the current climate and future respectively.

Despite these variations, the total comfort time between these cases is similar,
with a difference of less than 6% in both rooms and scenarios; and in all cases, the
improvements represent an increase in the total comfort time compared to the base
case, on average 7.5 and 18.4% in the current climate, and 7.4 and 12.7% in future
climate, for the living room and bedroom 2 respectively.

The differences in the comfort results between both rooms are increased in the
evaluation of the time in discomfort due to heat, allowing identifying the impacts
of other factors, such as use loads and occupation or orientation. These results are
consistent with the observations made by Fosas et al. [28] which showed that the
overheating risk is associatedwithmultiple housing design and operation parameters,
and not just the insulation level.

Case L (improvement of the envelope without using solar protection) stands out in
the combined improvements cases, as it had in both rooms and scenarios, an increase
in discomfort due to heat of between 2.7 and 7.1%. As a result, this improvement
case has smaller increases in the total time in comfort compared to the base case,
2.5 and 6.5% in the current climate, and 7.6 and 5.1% in the future climate, for the
living room and bedroom 2 respectively, evidencing how much impact the improve-
ment of insulation and airtightness levels can have without the use of suitable solar
protections.

The incorporation of nighttime ventilation during the hot period (flows of 2.7 and
5.3 L/sm2), in cases H to O, impacted with very significant increases in comfort time
in both rooms: between 16.7 and 31.0% in the current climate, and between 17.2 and
35.3% in the future scenario. In addition, it is identified that with a flow of 5.3 L/sm2,
discomfort due to heat in the bedroom is reduced to aminimum,with levels lower than
1% in the current climate, and less than 6.0% in future scenarios, in all cases except
cases A and L that present minor reductions. Noting that ventilation is maintained
as an appropriate strategy even in projected temperature increase conditions in the
future.

Analyzing the set of cases it can be observed that all the constructive improvements
reduce the discomfort due to cold, but some for the living room increase slightly the
discomfort due to heat, and confirm the importance of user behavior for ventilation
and the correct use of solar protections, in line with the work of Escandón et al. [7]
and van Hooff et al. [12].
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3.3 Evolution of Thermal Performance in CC Scenarios

Based on the results obtained, the trend presented by the evaluated cases under the
climate changes projected in scenario A2 to 2050 for the annual percentage of time
in comfort, time in discomfort due to cold, and due to heat, was studied.

For the future scenario A2 2050, the time in comfort is projected with minimal
variations, in most cases with a slight downward trend in the total time in comfort,
and with a change in the distribution of its composition. According to the average
of the cases studied without ventilation, the distribution in comfort will vary from
a composition of 26–20–54% in the current climate to 18–31–51% in A2, the time
in discomfort due to cold, time in discomfort due to heat, and total time in comfort,
respectively; it can be seen that it projects a slightly greater variation in discomfort
due to heat than discomfort due to cold, the cause being, in most cases, the downward
trend of the total time in comfort. In the cases that incorporate ventilation, the average
distribution among the cases studied is 24–5–71% in the current climate, 16–13–71%
in A2, time in discomfort due to cold, time in discomfort due to heat, and total time
in comfort, respectively.

4 Conclusions

The thermal quality of a large part of the housing stock in our context is currently
deficient, directly affecting the thermal comfort conditions of those inhabitants unable
to consume energy for air conditioning. Therefore, passive improvements applied to
dwellings acquire special relevance, as they allow improving comfort conditions
without forcing users to consume energy to reach them.

In response to the barriers identified that condition indoor comfort in existing
dwellings, the study presented in this chapter aimed to address the problem from
the perspective of the user, incorporating the perspective of comfort considering the
specifics of the context. The evaluation of passive improvement measures was done
on an existing case, typical of the housing stock of Uruguay. Both constructive and
operational improvements were evaluated, as the latter has zero implementation cost
for users, constituting an alternative that avoids possible economic barriers tomaking
improvements. The approach presented, focused on the evaluation of the annual time
in comfort and thermal discomfort based onATC, instead of evaluating the dwelling’s
energy performance. This is the first point to understand and address the conditions
of users who do not consume energy to meet their comfort needs. Likewise, it has
been studied how the time in comfort and the time in discomfort due to cold and heat
will vary in the A2 2050 scenario compared to the current climate to contribute to
implementing adaptation measures for existing dwellings.

The results demonstrate the potential offered by passive strategies to increase
the annual time in thermal comfort, both for the current climate conditions, and
in the future scenario studied. For its part, the broken down study of the impact
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of the improvements on the time in discomfort indicates that all the construction
improvements evaluated, the increase of insulation and airtightness of the envelope,
reduce or equal the time in discomfort for cold in comparison to the base case, but
these improvements without applying operational parameters, ventilation and use of
solar protection, can increase the time in discomfort due to heat.

The study of these cases allowed verifying that the CC temperature increase
projected in the climate studied, saw a slight downward for the total annual time
in comfort, projecting an increase in the time in discomfort due to heat, over the
time in discomfort due to cold. This highlights the need to adapt existing housing
to guarantee habitability and comfort conditions without conditioning reducing the
discomfort due to heat of its inhabitants to energy consumption.

The evaluation made shows the importance of operational improvements related
to their impact on the significant reduction of discomfort due to heat, both in the
current and future scenarios. This indicates the need to provide from the project
side, design solutions that facilitate these measures, and mainly to guide people
about the best use practices, especially in an energy poverty context, on being highly
effective strategies at no cost to the inhabitants. Therefore, these are essential factors
to consider in retrofitting policies for climate conditions such as those analyzed.
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Residential Heating Use Profiles
in Central-Southern Chile

Jorge Muñoz-Fierro, Ariel Bobadilla-Moreno , and Alexis Pérez-Fargallo

Abstract The estimation of energy demand has many inputs that must be reviewed
to build simulation models that allow reaching results that are closer to reality. Air-
conditioning profiles stand out among the variables to consider. Currently, the heat-
ing profiles used in Chile are mainly based on data from standards, guidelines, or
simulation tools. This chapter uses data from environmental monitoring centers in
central-southern Chile to build representative heating profiles for housing. The study
is relevant given that the main heating source is wood-burning; seen in 74% of
Chilean homes. The results show that the hourly profiles identify two periods in
the day (morning and late afternoon–evening) where use is concentrated, with a use
intensity that ranges between 8 and 13 hours a day, depending on the harshness of
the weather in the month. Finally, it has to be highlighted that the Top-Down method
used in this study, validated through Bottom-Up data, can be replicated in countries
where there are environmental monitoring stations and a tradition of using wood for
fuel.
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1 Introduction

Energy demand is currently estimated using different simulation tools. This process
is used ever more commonly to design, operate, and remodel buildings aiming at
reducing costs through energy savings. However, several challenges have been laid
down to improve the accuracy ofmodels and their results [1]. Themodels are affected
by diverse inputs associated with the weather, building geometry, air-conditioning
systems, operating hours, and the users’ comfort demands, among others [2].

The relationships between occupants and indoor environmental conditions are
complex and closely linked [3]. Some studies state that thermal comfort is one of
the primary needs linked with satisfaction and that it has a higher impact, both on
energy consumption and inhabitant well-being [4]. Determining acceptable thermal
conditions has been targeted by research since the mid-twentieth century, and it has
been identified that these do not solely depend on the body’s thermal balance, but
also on the adaptation capacity of people to their context [5]. Therefore, comfort can
be understood as a somewhat dynamic more than a specific condition or attribute of
the environment. This leads to assuming that heating use times are also adaptive and
depend on outdoor weather conditions [6].

Occupation times have been reviewed from different points of view. Some have
addressed the uncertainty in the quality of the data through probabilistic models [7].
Others have proposed calibration systems for models using real data obtained from
different sources such as, for example, occupation proxies incorporated in Wi-Fi
connections [2], or the use of connected thermostats [8]. Although the adjustments
using calibration processes are fairly regular, they imply having information on the
monitored buildings, which is difficult to obtain and takes a long time [9]. On lack-
ing information, it is normal to use approaches based on regulatory assumptions.
However, this can also lead to increased gaps between the performance foreseen
in the design and operation stages, sometimes reducing credibility and increasing
skepticism about high-performance buildings [10].

One of the main energy characteristics of heating in Central-Southern Chile is
the use of wood burners inside dwellings. According to estimations, this provides
74% of the energy used by the residential sector [11] and causes diverse environmen-
tal contamination issues [12]. In this context, numerous environmental monitoring
points have been placed to identify critical contamination episodes [13].

The goal of this study was to apply a Top-Down method to establish represen-
tative housing heating profiles by analyzing information collected in the different
environmental monitoring centers of Central-Southern Chile, and validating them
using occupation information collated through Bottom-Up methods.
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2 Methodology

This research considered a quantitative approach to make heating system use cal-
endars where the information published by the National Air Quality Information
System (SINCA) was collated, classified, and analyzed [13].

The population analyzed, forms part of 8 Chilean regions, and comprises 43
communes. 36 monitoring points were identified, grouped into 10 zones with Envi-
ronmental Decontamination Plans (PDA, in Spanish). As inclusion criteria, those
monitoring stations that had records in 2018, 2019, and 2020, and whose data were
reported on Particulate Matter 2.5 indices (PM2.5), were considered. For the records,
measurements updated every hour throughout the year were used. After revision,
there were 28 monitoring points in 17 communes, which complied with the afore-
mentioned inclusion requirements. The information collated considers data from
75% of the total population in the zones evaluated with PDA [14].

The weather conditions are affected by the latitude and longitude of each zone.
Some PDAs comprise several communes andmeasurement points (See Fig. 1). How-
ever, their weather conditions are representative of the zone where they are located,
and on the whole, have very similar characteristics. Considering this, the results are
analyzed using mean values of 2018, 2019, and 2020 (times) from the records of the
communes in each PDA. Records of 2020 were not included to avoid bias associated
with the lockdowns seen in Chile, related to the COVID-19 pandemic. In addition,
the data were divided into weekdays (Monday to Friday), and weekends (Saturday
and Sunday). However, the results are quite close in both cases, and to simplify the
analysis, only the weekly results are presented.

Once the information was defined and grouped, an emissions analysis was made,
to identify the typical background contamination of each zone, linked to traffic,
industrial processes, and wood-burning stoves, among others. For this, the hourly
data of the study period were stratified by quartiles for weekdays and weekends, to
analyze their variability and identify similar trends associated with contamination
sources that were relatively constant over the study periods. Afterward, the data were
subjected to an adjustment process which consisted of discounting the background
contamination identified, to differentiate the months where there is a relevant heating
use.

With the data defined and adjusted, the weighting of the average hourly measure-
ments of 2018, 2019, and 2020, considering annual maximums, was established.
With this information, the months and hours with the highest emissions levels were
identified, splitting them into the following three groups depending on the intensity
of the concentrations reflected in the monthly hourly average, considering that said
conditions should be met, both for weekday and weekend records and considering
the harshness of the weather in the month.

• Months, where the average percentage of monthly hourly PM2.5 emissions above
the annual maximum was less than 2%.

• Months, where the average percentage of monthly hourly PM2.5 emissions above
the annual maximum was between 2 and 15% (medium intensity).
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Fig. 1 Zones with Environmental Decontamination Plans, and Communes, in red, that have an
environmental monitoring system

• Months, where the average percentage of monthly hourly PM2.5 emissions above
the annual maximum exceeded 15% (high intensity)

As a result, the first group was considered as months without heating use, the sec-
ond was designated for “Cold Months” (CM), and the third for “Very Cold Months”
(VCM).

Variations were established in hourly records by zone for the cold months (CM)
and very cold months (VCM) to make the heating profiles. An algorithm was
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formulated for this process, that allowed defining the periods where increases in
emissions showed greater use of heating. This algorithm considered the presence
of heating when the emissions of an hour were higher than 60% of the maximum
annual value, or when the hour studied had an increase in the emissions concentration
compared to the preceding hour. Sixty percent was set, considering that if there was
a percentage above 50%, then its use is representative of most homes that use wood
burners for heating. The detail is presented below:

• Heating On (On): Eph-1 ≤ Eph or Eph ≥ 60% of the annual maximum record
• Heating Off (Off): Eph-1 > Eph if Eph < 60% of the maximum record

Where, Eph is the average emissions percentage of zones with PDA for the hour
evaluated, and Eph-1 is the average emissions percentage of zones with PDA for the
preceding hour.

The 60% condition of the annual maximum record was used because it was seen
there were hours where the Eph was slightly lower than the Eph-1 without seeing
an abrupt fall of PM2.5 emissions. This implied there had been a dilution of the
contamination caused by meteorological phenomena, or a small reduction in the use
of heating systems. However, the high contamination rates, above 50% of the annual
maximum value for an hour of study, led to the assumption that the wood-burning
heating systems continued to be in use in more than half the dwellings, and therefore,
continued to be representative of the city’s homes considering heating-ON.

The validation of the results made for hourly profiles comprised revising the
occupation of a sample of 40 dwellings to determine their relationship with the
proposed profiles and their behavior. The dwellings studied came from previous
research whose goal was to develop adaptive comfort models for social housing in
central-southern Chile [15]. In the study, data was collected through samples, whose
main feature was having benefitted from some type of state subsidy. Among the
typologies, 6 single-family and 6 terraced dwellings were considered, along with
another 25 single-family homes and 3 apartments located in condominiums.

The occupation was established using surveys where residents were asked about
the use of the dwellings. The surveywasmade separately forweekdays andweekends.
In both cases, data was collected for all 24 hours of the day. A total of 121 people
were surveyed, 57 men and 74 women, whose ages ranged between 14 and 84. With
the information collected, the average hourly occupation percentage of the dwellings
for the study sample was obtained, which was compared graphically with the heating
use profiles obtained.
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3 Results

3.1 Emissions

The average distribution ofmonthly emissions in the zones studied tended to increase
from March, lasting to October in some cases (see Fig. 2). This coincides with the
drop in temperature from autumn onwards (March to June), becoming more marked
closer to winter (June to September). Both zones 9 and 10 had a higher emissions
average, and a longer period (March to October), compared to the rest of the study
zones. Meanwhile, the zone with the lowest average was area 5. The difference
increases in colder months and asymmetric distribution of the concentrations is seen
in those months. However, the months between November and February have a
similar distribution, on not using wood-burning heating, the result of higher outdoor
temperatures.

In general, the average distribution of hourly emissions (see Fig. 2) has a slight
increase from 3 to 4 pm, increasing considerably from 6 to 8 or 9 pm, depending on
the zone and period evaluated (weekday or weekend). After this time, the values fall
but remain high until around 11 pm when a clear reduction is seen. Finally, from 6
to 9 or 10 am, there is an increase in emissions once more. Although the minimum
and maximum values differ a lot over the day, it is seen that the first quartile has a
smaller variation. The spread of the data is mainly seen in zones 8, 9, and 10, and a
positive asymmetry of the data is seen in most of the hours and zones evaluated.

3.2 Background Contamination

To reduce bias in setting heating calendars, an estimation of the environmental con-
tamination associated with different factors such as traffic, industrial processes, and
wood-fired stoves, among others, was made. It is seen in the summer months (Jan-
uary, February, March, and December), in Fig. 2, that outdoor contamination values
remain practically constant compared to the rest of the months, identifying that in
those months, environmental contamination mainly came from processes other than
wood-fired combustion for heating. Likewise, it can be identified that the hourly
upper limit of quartile 1 of the different analyzed zones, for weekdays, has little
oscillation within the 24h period.

In Table 1, it is possible to see that the said value for weekdays oscillates between
4.5 and 20.8µgm3 for the different zones, with an hourly variance of between 1.0
and 10.5, and a standard deviation per hour of between 1.0 and 3.2. This allowed
establishing that these values are not greatly affected by the harshness of the weather,
remaining in stable ranges throughout the year, and identifying that they are very
similar to the records of summer months when there is no need for heating (See
Fig. 2). Therefore, it was estimated that the upper limit of the first quartile for hourly
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Fig. 2 Boxplot of average hourly and monthly emissions for weekdays per month of 2018–2020
period in zones 1-6-7-10 (PM2.5 µg/m3)
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Table 1 Upper limit values of the first quartile for weekday hourly emissions by Zone (µg/m3)

Zones

Time 1 2 3 4 5 6 7 8 9 10 X S2 α

0:00 8.2 8.0 9.5 10.8 9.4 7.6 8.0 8.5 9.8 12.5 9.2 2.3 1.5

1:00 7.8 7.5 9.2 9.5 9.7 7.9 7.0 8.1 9.7 9.3 8.6 1.0 1.0

2:00 7.8 6.9 8.8 8.2 9.5 6.7 6.0 6.1 8.8 7.2 7.6 1.5 1.2

3:00 7.5 6.6 8.9 8.0 9.3 6.8 5.6 7.1 7.7 5.6 7.3 1.5 1.2

4:00 7.9 6.3 9.2 7.6 9.2 7.1 5.3 5.4 8.2 4.8 7.1 2.6 1.6

5:00 9.7 6.4 9.3 7.8 9.6 7.5 5.8 5.1 8.1 8.4 7.8 2.5 1.6

6:00 12.0 7.8 10.1 9.8 10.6 8.6 7.2 6.2 10.8 16.7 10.0 8.8 3.0

7:00 12.6 9.0 11.1 9.6 11.6 8.6 8.0 7.1 12.6 16.1 10.6 7.3 2.7

8:00 11.9 8.0 11.2 8.7 11.0 8.0 8.7 8.3 10.0 12.3 9.8 2.8 1.7

9:00 11.3 8.1 10.8 8.0 11.0 7.6 9.0 7.9 9.8 10.8 9.4 2.2 1.5

10:00 10.2 8.1 10.1 7.8 10.0 7.3 7.9 6.6 9.5 9.2 8.7 1.7 1.3

11:00 9.5 8.2 10.3 7.2 9.5 7.3 7.8 6.0 7.9 9.3 8.3 1.8 1.3

12:00 9.3 7.5 9.9 7.1 9.1 7.0 5.5 5.6 7.1 7.6 7.6 2.2 1.5

13:00 9.1 6.7 8.8 6.8 9.1 6.3 5.1 4.5 7.5 7.0 7.1 2.5 1.6

14:00 8.6 6.4 8.5 6.8 9.3 6.3 4.7 4.6 7.5 6.9 7.0 2.5 1.6

15:00 8.8 6.5 8.3 6.4 9.4 6.3 4.8 4.7 7.1 7.3 7.0 2.4 1.6

16:00 8.9 6.2 8.0 6.4 9.5 6.8 5.1 4.9 7.5 7.1 7.0 2.2 1.5

17:00 8.9 6.0 9.0 6.9 10.3 7.9 5.9 5.9 7.6 8.5 7.7 2.3 1.5

18:00 9.4 6.2 8.7 8.8 10.5 8.5 6.5 6.6 7.8 10.9 8.4 2.7 1.6

19:00 10.2 8.0 9.8 10.0 10.3 10.0 7.8 8.3 9.0 13.8 9.7 3.0 1.7

20:00 10.5 8.8 11.8 11.2 11.2 10.6 9.7 10.8 12.4 20.5 11.8 10.5 3.2

21:00 10.4 10.0 11.0 12.1 11.4 10.3 10.4 12.4 13.4 20.8 12.2 10.3 3.2

22:00 9.9 10.0 11.0 12.0 11.1 9.5 10.0 12.1 12.5 18.2 11.6 6.4 2.5

23:00 9.6 9.4 11.8 11.3 10.4 9.0 9.0 11.7 12.9 14.5 11.0 3.3 1.8

X 9.6 7.6 9.8 8.7 10.1 7.9 7.1 7.3 9.4 11.1

S2 1.9 1.5 1.3 3.2 0.6 1.6 3.1 5.7 4.2 21.7

α 1.4 1.2 1.1 1.8 0.8 1.3 1.8 2.4 2.0 4.7

X : Average, S2: Variance, α: Standard Deviation

data could be assumed as the contamination associated with processes other than
wood-fired heating.

3.3 Profiles

Once the values considered as background contamination are discounted, the average
percentage of monthly hourly PM2.5 Particulate Matter emissions was determined
(See Table 2). Based on this, the data show that, despite discounting background
contamination, some zones continue to have small concentrations at certain times
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Table 2 Average percentage of monthly hourly PM2.5 emissions compared to the annual maximum
for weekdays per zone
Zone Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec X

1 0.0 1.6 1.6 10.1 28.4 40.7 43.4 26.5 5.3 2.0 0.0 0.1 13.3

2 0.0 0.7 2.8 10.9 29.2 39.0 30.8 21.2 6.1 2.0 0.0 0.1 11.9

3 0.4 1.3 6.1 14.2 31.7 44.6 38.3 29.9 8.1 0.5 0.0 0.1 14.6

4 0.0 1.4 6.2 15.6 24.5 36.0 27.6 22.4 6.5 1.2 0.0 0.0 11.8

5 3.9 2.5 1.1 12.9 28.3 27.6 21.2 18.8 4.2 1.1 0.0 0.0 10.1

6 0.5 0.8 5.1 20.8 44.8 49.6 37.1 35.1 12.9 3.4 0.0 0.0 17.5

7 0.0 0.3 2.2 20.8 37.0 39.8 32.0 34.3 18.6 7.5 1.0 0.0 16.1

8 0.0 0.0 1.6 16.8 26.5 39.5 37.5 27.5 21.7 7.1 2.1 0.0 15.0

9 0.0 0.0 2.1 17.5 21.4 37.8 35.6 21.2 14.3 4.8 1.9 0.0 13.1

10 0.0 0.1 2.3 10.7 25 52.9 53.8 23.9 11.9 3.9 0.5 0.0 15.4

X 0.5 0.9 3.1 15.0 29.7 40.7 35.7 26.1 11 3.4 0.6 0.0

Zones between 2%
& 15%

1 1 7 4 0 0 0 0 8 7 1 0

Zones > 15% 0 0 0 6 10 10 10 10 2 0 0 0

Classification CM VCM VCM VCM VCM VCM CM CM

Table 3 Monthly average temperatures by zone (◦C)
Zone Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec X

1 21.8 21.5 18.9 14.8 11.3 7.9 7.9 9.4 11.8 14.6 18.7 20.8 15.0

2 22.3 22.0 19.0 15.3 11.3 8.4 8.6 9.6 12.2 14.9 19.2 21.3 15.4

3 22.2 21.9 18.7 14.5 10.9 8.2 8.2 9.3 12.0 14.5 18.6 20.9 15.0

4 20.8 20.9 17.7 13.5 10.6 7.7 7.8 8.8 11.2 13.1 16.8 19.4 14.0

5 17.7 17.8 15.9 13.5 11.7 9.5 9.5 9.8 10.9 12.3 15.2 16.9 13.4

6 20.1 20.6 17.3 13.3 10.7 7.8 7.7 8.8 10.8 12.9 16.2 18.7 13.7

7 17.0 17.8 15.5 12.5 10.5 8.2 7.9 8.3 9.8 11.5 13.8 15.7 12.4

8 17.0 17.4 15.2 11.8 10.4 8.1 7.5 7.9 9.5 11.0 13.6 15.9 12.1

9 16.1 16.9 14.4 11.1 9.3 7.2 6.5 7.3 9.3 12.1 13.8 15.8 11.7

10 13.3 14.2 11.8 8.8 6.3 2.8 2.1 4.6 6.1 8.5 11.1 13.1 8.6

X 18.8 19.1 16.4 12.9 10.3 7.6 7.4 8.4 10.4 12.5 15.7 17.9 13.1

in the summer months. In general, these records are seen at times with daily peak
temperatures, which leads to assuming that this is when wood-fired stoves are in use
[12]. Among the zones studied, the highest summer concentrations are produced in
Concepción (Zone 5) as it has an industrial hub. However, the values are close to the
rest of the zones. In Table 2, it is possible to see that the emissions increase as winter
approaches, and fall on moving closer to spring.

In this sense, the months were classified by zone, where the average hourly emis-
sions were below 2% of the annual maximum value, establishing that in January,
February, November, and December, there was no wood-fired heating as the outdoor
temperatures were above 15◦C in most zones (See Table 3). In the case of March,
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this is an atypical month as, despite having monthly average outdoor temperatures
above 15◦C, the drop off in temperature from the warmer seasonmay lead to heating,
despite temperatures being pretty similar to November, where clearly this is not used
[16]. Likewise, it can be seen in Table 2, that the months of September and October
have the most zones with monthly hourly emission averages between 2 and 15%,
compared to the annual maximum value (medium intensity), and monthly average
temperatures in most zones of between 10 and 15◦C. As a result, March, Septem-
ber, and October have been classified as Cold Months. In the case of April, just as
occurred with March, despite monthly average temperatures being between 10 and
15◦C, just as in October, wood-fired heating use is estimated as beingmore intensive,
due to the drop off in temperatures from the hotter season, even though its monthly
average temperatures are pretty similar. Finally, the months where more intensive
use of heating is considered and, therefore, a colder thermal sensation is assumed,
are the months of May, June, July, and August, where for all the zones, the average
monthly hourly emissions percentage compared to the maximum annual average,
exceeds 15%.

Table 4 summarizes the hourly heating profiles on weekdays for the CM and
CVM heating periods in each zone studied. The proposed profiles are defined by
these, considering the statistical mode of the weekday hourly data. Figure 3 shows
the proposed heating profiles for weekdays, where it is seen there are two heating
periods during the day. The first is at the start of the day, from 6 to 9 am for the CM
and CVMmonths. The second period starts at 3 pm and continues until 10 pm in the
CM and from 2 pm to 12 am in the VCM.

3.4 Validation

Figure 4 represents the relationship between the proposed profiles and the character-
istic occupation of a sample of 40 dwellings from the ConcepciónMetropolitan zone
5. The results show that this is a pretty good fit between heating use and changes in
housing occupation during the day. In all the profiles, the heating use begins when
the dwellings show a reduction of occupation as the occupants get up and begin their
daily activities (start of theworking and/or school day), except for theweekends of the
CM, when this is delayed for around an hour. This entails that the dwellings require a
comfortable indoor environment while the occupants prepare to leave. Likewise, the
lowest occupation levels coincide with periods when the heating is off, from 9 am to
2 pm for VCM, and from 9 am to 3 or 4 pm for the CM, with the heating on in the
afternoons when occupation levels in the homes begin to increase. Finally, although
the highest occupation levels are seen at night, heating use is not seen from 10 pm
in the CM, and from 12 am for the VCM, which is mainly associated with most of
the population not having the habit of using nighttime heating in their homes.
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Table 4 Hourly heating use profiles by zone for weekdays

Zones

1 2 3 4 5 6 7 8 9 10 Mo

Time C V C V C V C V C V C V C V C V C V C V C V

0:00 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 0

1:00 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4:00 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6:00 1 1 1 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1

7:00 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1

8:00 1 1 1 1 1 0 0 1 1 1 1 1 0 1 0 0 0 1 0 0 1 1

9:00 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0

10:00 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

11:00 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

12:00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

13:00 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0

14:00 0 1 0 1 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 1

15:00 0 1 0 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1

16:00 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1

17:00 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1

18:00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

19:00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

20:00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1

21:00 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 0 1 1 1

22:00 0 1 0 1 0 1 1 1 1 1 0 1 1 1 0 1 1 1 0 1 0 1

23:00 0 0 1 1 0 0 0 0 0 1 0 1 0 1 0 1 0 1 0 1 0 1

Mo: Statistical mode; C: Cold Month; V: Very Cold Months; 0: Off; 1: On

4 Conclusions

This research sought to establish characteristic heating use profiles of central-
southern Chile. For this, the PM2.5 emissions of zones with high atmospheric con-
tamination levels were studied. The analysis showed that the highest concentrations
are produced in the coldest months of the year, which is why the contribution of other
particulatematter generating sources such as industry, trade, and transportation, were
marginal within the overall analysis. For this same reason, it is clear that the increase
in concentrations comes mainly from residential heating. This justifies its relevance
for establishing heating profiles associated with the population under study.

The results showed that heating is not on all day long. The proof of this is that
at night (12 to 6 am), despite having a maximum occupation, emissions fall consid-
erably. This aspect should be kept in mind in simulation and evaluation processes,
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Fig. 3 Proposed hourly heating profiles

Fig. 4 Proposed heating profiles versus occupation

as considering just occupation and comfort temperatures, implies that people have
enough resources to keep their homes comfortable at all times. This condition is not
seen in the studied population, as the emissions are mainly concentrated in just two
periods of the day. The distribution of the emissions leads to assuming that there is
a relevant population that is in fuel poverty because of the intensive use of wood for
energy, which is important to consider, especially when studying the effectiveness
of measures associated with energy improvements for homes.

The findings of this research provide information to establish more realistic crite-
ria on the effect energy improvement projects could have on homes, especially when
detailed information on occupant behavior for heating their homes is not known.
Finally, the Top-Down methodology used in this study, validated through Bottom-
Up data, has to be highlighted. This can be replicated in countries where there are
environmental monitoring stations and a tradition of using wood as fuel, thus being
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able to obtain heating use patterns that are representative of the built sector to reduce
the performance gap of energy qualification systems, simulations, or energy certifi-
cation processes.
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Abstract This chapter reviews current policy instruments that are relevant in terms
of energy and environmental comfort in buildings. Based on an overview of energy
indicators worldwide, it comprises detailed information on ten Latin American
countries: Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, Ecuador, Mex-
ico, Peru, and Uruguay. For each country, the review covers information on build-
ing energy codes, energy labeling, and environmental comfort codes, among other
aspects. The conclusions show that there are important differences between countries,
where most of them have developed initiatives on energy efficiency in buildings that
would indirectly improve comfort, but very few have developed policies and stan-
dards specifically on environmental comfort.
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1 Introduction

Environmental comfort standards and policies for buildings are mainly associated,
today, with the development of concepts related to access to energy, energy effi-
ciency, and renewable energies. In this sense, the Regulatory Indicators for Sustain-
able Energy (RISE), developed by the World Bank, allow seeing the differences in
development between countries [1, 2].

Regarding energy efficiency indicators, which address multi-dimensional aspects
of policies and regulations that affect environmental comfort, it has been seen that
among the countries of the Global North and the Global South, there are important
development gaps (Fig. 1). Although there are countries in the Global South, such
as South Korea, India, Mexico, Singapore, or China, that have made major strides in
energy efficiency,most countries have seenmuch less progress than theGlobalNorth.
In Table 1 and Fig. 2, it can be seen that the indicators with the largest differences are:
Carbon Pricing and Monitoring (I10), Building Energy Codes (I9), and Minimum
Energy Efficiency Performance Standard (I7), with a mean difference of more than
50 points. These are followed by Incentives & Mandates: Public Sector (I4), Energy
Labeling Systems (I8), and Financing Mechanisms for Energy Efficiency (I6), with
differences between 33.5 and 50 points.

The indicators Building Energy Codes (I9) and Minimum Energy Efficiency Per-
formance Standard (I7), reflect the presence of standards that regulate energy perfor-
mance, so they are related to environmental comfort in buildings.Out of the 92Global
South countries with available information, 44 do not have any type of development
for Building Energy Codes (I9), 35 have fewer than 59 points, and 11 are between
60 and 79 points. Only 3 countries score more than 80 points: South Korea, Tunisia,
and Qatar. Regarding the Minimum Energy Efficiency Performance Standard (I7)
indicator, 25 countries have no development, 43 score less than 59, 12 score between
60 and 79 points, and only thirteen score over 80. South Korea, Mexico, India, Iran,
and Costa Rica stand out on scoring over 90 points.

According to the UN Environment Program 2021 Report, countries increasingly
recognize that building energy codes are essential for zero-carbon emissions, yet their
application remains low in some regions, such as Africa and Latin America. Building
energy codes are typically implemented by governments to regulate the construction
and operation of buildings to minimize energy use while achieving environmental
comfort. They can take many forms, as building energy use depends on numerous
aspects, from architectural typologies to the operation and efficiency of heating and
cooling systems [3].

Within the Global South, the region of Latin America and the Caribbean has
common cultural characteristics and an active exchange of information and coopera-
tion. However, progress in energy efficiency and building comfort policies is uneven
among its countries. The Minimum Energy Efficiency Performance Standard (I7)
indicator ranges between 0 and 100, where Mexico, Costa Rica, Ecuador, and Brazil
stand out with the highest development. Meanwhile, the Building Energy Codes (I9)
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Fig. 1 Indicators associated with energy efficiency for countries in 2019. Source Own preparation
using [1]
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Table 1 Distribution by quartile of indicators associated with energy efficiency in 2019

I1 I2 I3 I4 I5 I6 I7 I8 I9 I10

Global
North
(n=43)

Upper whisker 100 100 100 100 86 100 100 100 100 100

3rd quartile 100 100 100 100 64 91 91 88 87 100

Median 93 92 75 75 48 75 80 71 73 100

1st quartile 81.5 75 52 56.5 34.5 65 46 50 56.5 50

Lower whisker 67 50 0 0 7 40 0 0 27 0

Global
South
(n=92)

Upper whisker 100 100 100 100 90 100 100 100 87 100

3rd quartile 87 100 69 63 53 75 57 52 37 50

Median 67 67 45.9 25 38 41.5 27.3 25 5 0

1st quartile 40 29 4 0 23.5 0 0 0 0 0

Lower whisker 0 0 0 0 0 0 0 0 0 0

Source Own preparation using [1]

Fig. 2 Scored indicators in energy efficiency encompassing multi-dimensional aspects of policies
and regulations. Own preparation, data from [1]
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Table 2 Indicators associated with energy efficiency for countries in Latin America and the
Caribbean in 2019

Countries I1 I2 I3 I4 I5 I6 I7 I8 I9 I10

Argentina 17 33 50 50 28 22 17 50 17 0

Bolivia 17 75 58 0 20 82 23 38 0 0

Brazil 60 100 83 50 86 83 77 100 37 0

Chile 47 75 83 38 38 100 50 83 33 0

Colombia 93 100 50 38 20 100 0 75 25 100

Costa Rica 47 75 75 63 53 50 92 92 0 100

Dominican Rep. 100 17 13 75 20 67 18 17 0 0

Ecuador 100 50 50 75 68 75 78 92 0 0

El Salvador 67 25 0 25 37 50 57 50 0 100

Guatemala 60 58 13 38 30 65 17 17 0 0

Haiti 0 25 0 0 27 63 0 0 0 0

Honduras 17 42 13 63 30 0 17 8 0 0

Jamaica 40 100 50 50 78 90 23 42 37 0

Mexico 93 92 83 75 48 90 100 88 73 100

Nicaragua 33 42 25 63 30 67 47 38 10 0

Panama 83 100 75 75 69 97 58 38 67 50

Paraguay 67 58 0 13 30 0 32 29 0 0

Peru 17 33 0 50 40 0 5 79 0 0

Uruguay 100 83 58 50 72 92 30 38 0 0

Venezuela 17 17 0 0 20 0 0 38 0 0

Source Own preparation using [1]

indicator has values between 0 and 73, with Mexico and Panama scoring the highest
(see Table 2).

To show the variability between countries, 10 have been chosen to analyze them
in detail: Argentina, Bolivia, Brazil, Chile, Colombia, Costa Rica, Ecuador, Mexico,
Peru, and Uruguay (See Fig. 3).

2 Policies and Standards in Latin America

This section presents the main policies, regulations, and standards that regulate
energy efficiency and environmental comfort in the building sector in 10 Latin Amer-
ican countries.
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Fig. 3 Scores for Minimum energy efficiency performance standards and Building energy codes
of the chosen countries in 2019. Source Own preparation using [1]

2.1 Argentina

Argentina kicked off a project between 2018 and 2019 to address the pillars, objec-
tives, and goals for energy transition by 2050. Among the objectives laid out, the
diversification of the energy matrix stands out, integrating renewable energies and
energy efficiency in dwellings, among others [4].

The Argentinean Institute of Standardization and Certification regulates the com-
fort and energy efficiency of buildings through the IRAM Standards, which aim
at guaranteeing the hygrothermal habitability conditions of hygiene and healthi-
ness. Among them, IRAM 11605 establishes maximum thermal transmittance val-
ues in opaque enclosures, defining three comfort levels: “A” (recommended), “B”
(medium), and “C” (minimum), for summer and winter conditions, considering the
different bio-environmental zones of the country [5].

Meanwhile, IRAM 11604 establishes the calculation methodology for the Heat
Loss Volumetric Coefficient (Gcal) and sets maximum admissible values. This
focuses on all buildings located in the template and cold bio-environmental areas [6].

In addition, IRAM 11900, approved in 2017, establishes an Energy Efficiency
Label based on a tool that allows measuring the energy efficiency of a dwelling on a
scale from “A” to “G”. This is based on theEnergy Supply Index (IPE, in Spanish) that
represents the annual energy requirement for heating, cooling, domestic hot water,
and lighting [7, 8]. The Province of Santa Fe authorized a Housing Energy Efficiency
Labeling Law, that sets out the obligation of presenting an Energy Efficiency Label
for the dwelling for any transfer of ownership that takes place in the region. The
impact of this standard has been very important, making energy, economic, and
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environmental benefits visible on a label, contributing to a change of paradigm for
sustainable construction [9].

2.2 Bolivia

Bolivia has shown an end energy consumption per capita that is higher than other
Latin American countries [10]. For environmental comfort and/or energy efficiency
matters, there is only fledgling progress, which is differentiated by municipalities.
Domestically, the National Energy Efficiency Program has focused on fostering the
efficient use of electricity, under standards that cover energy savings for household
appliances and lighting equipment [11], such as NB 87005:2021 for LED lights
(Specifications and Labeling); NB 87007:2021, characteristics and testing methods
for domestic refrigeration devices; and NB 87003:2021 for refrigerator labeling and
classification [12–14].

At a building level, NB/ISO 9288:2010 regulates thermal insulation and heat
transmission through radiation [15]. Likewise, in the Bolivian Guidelines for Project
Design andPresentation, it is stated that the architectural designmust consider criteria
for energy efficiency, sustainability, and protecting Mother Earth [16].

Meanwhile, municipalities have presented laws that cover the reduction of fossil
fuel consumption and provide incentives for environmental sustainability in build-
ings. In the case of Santa Cruz de la Sierra, Regional Law N◦ 177 regulates rural
electrification and alternative and renewable sources of energy, with the basic goal
of providing electricity to the entire population, as well as improving the existing
electrical services, fostering the transition from fossil fuels to alternative renewable
alternatives, and mitigating climate change [17]. Since 2020, through decrees, this
municipality, and also Cochabamba since 2017, has provided economic incentives
for buildings that adopt environmental sustainability measures that reduce contami-
nation, certifying their constructions as eco-sustainable [18].

2.3 Brazil

In Brazil, the NBR 15220 Standard [19], which is not regulatory in nature, focuses
on the thermal comfort of homes, proposing design recommendations considering
the bioclimatic zone. NBR 16401-2 from 2008, regulates the thermal comfort for
air-conditioning installations and is currently being updated following the ASHRAE
55-2020 Standard, to incorporate the adaptive comfort model [20].

At a regulatory level, NBR 15575 establishes a minimum performance level that
new buildings must comply with [21]. This is a comprehensive standard that looks to
reach a minimum performance level for each system on the site, with requirements
to guarantee habitability (water tightness, thermal, acoustic, and light performance,
health, hygiene, and air quality, operation and accessibility, comfort), safety, and
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sustainability. The thermal performance can be obtained either through a simpli-
fied procedure or through computer simulation. The simplified method established
minimum requirements for thermal transmittance, thermal capacity, and radiation
absorption.

The new version of NBR 15575, 2021, incorporates a maximum surface for the
transparent envelope and allows evaluating buildings under two scenarios: with and
without natural ventilation. The performance of buildings with natural ventilation
is determined based on occupation hour percentage indicators within an operating
temperature range (PHFT), and annual maximum and minimum temperatures. The
operation temperature range considered varies with the local climate, with three
intervals being possible: from 18 to 26◦C, up to 28◦C, and up to 30◦C.

Brazil has also incorporated the PBE Building Label, which assesses buildings
based on primary energy consumption [22]. The classification runs from “A” (most
efficient) to “E” (least efficient), comparing the real building consumption with the
same building under a reference condition. Labels can be obtained for commercial,
service, andpublic buildings (INI-C), and for residential buildings (INI-R).Currently,
this is only mandatory for public buildings. The energy consumption calculation is
linked to the procedures defined in NBR 15575.

2.4 Chile

The objectives of the Chilean Energy Policy for 2050 include improving the energy
performance of buildings, which enables achieving suitable comfort levels, maxi-
mizing efficiency, and moving toward “net-zero energy” buildings [23]. In this vein,
the Energy Ministry [24] proposed that housing reduces its thermal demand by 30%
before 2026. One of the strategies to reach these goals is the Housing Energy Rat-
ing (CEV, in Spanish) [25], which through a voluntary tool, rates energy efficiency
with labels from “A+” to “G”. The “E” label represents the minimum performance
demanded by the mandatory thermal regulation [26], which, since 2000, defines
insulation standards for housing envelopes considering the climatic location. Apart
from evaluating the energy consumption and demand, the PBTD tool of the CEV
system allows evaluating the hours per year that the indoor temperature would be
above or below the comfort range.

In addition, some other voluntary certification schemes define comfort standards
for residential and non-residential buildings. The Sustainable Housing Certification
(CVS, in Spanish) [27] defines thermal comfort standards, where it is expected that
free-running dwellings manage to stay for a minimum percentage of the year within
the adaptive comfort range, promoting passive design strategies. Similarly, the Sus-
tainable Building Certification (CES, in Spanish) [28] defines comfort standards
for non-residential buildings, where thermal comfort is based on ASHRAE 55. The
Terms of Reference in Energy Efficiency, TDRe in Spanish, of theMinistry of Public
Works [29] establish minimum standards that public buildings must comply with in
all the environmental comfort dimensions. All these systems promote passive strate-
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gies, applying the adaptive thermal comfort model, and defining minimum standards
for daylighting and natural ventilation.

Some cities in southern Chile have Environmental Decontamination Plans (PDAs,
in Spanish) which incorporate mandatory standards for new homes in terms of ther-
mal insulation, airtightness, ventilation, and the control of solar gains [30].

2.5 Colombia

The Long-Term Climate Strategy of Colombia, E2050 [31] implements the Paris
Agreement, setting the goal of carbon neutrality by 2050, and a reduction of 51% of
the GHG emissions by 2030. In this vein, the Net-Zero Carbon Buildings Roadmap
[32] establishes short-,mid-, and long-termactions for the construction sector, includ-
ing life cycle and energy efficiency analysis, among others. Decree 1285 [33], and
its mandatory Resolution 0549 [34] regulate parameters for sustainable construction
and establish guidelines for saving water and energy in buildings. The energy-saving
percentages that must be met consider the type of building and the climate zone,
varying between 15 and 45%. Comfort is not directly assessed, but some passive and
active strategies linked to energy consumption are proposed [35].

At a regulation level, Retilap 2017 [36] establishes the requirements and mea-
surements that lighting systems must comply with, with values required by area and
activity, adapted from the ISO 8995 Standard. There are also resolutions associated
with acoustics, mainly for noise control and exposure levels [37].

Although there are Colombian Technical Standards (NTC, in Spanish) associated
with comfort, these are voluntary and usually are identical copies of international
standards. NTC 5316 [38] is an identical translation of ASHRAE 55:2004, NTC
5183 [39] copies ANSI/ASHRAE 62:2001, while NTC 4595 [40] on educational
buildings addresses the four parameters of environmental comfort.

At a public policy level, best practices are promoted in the life cycle of construction
activities for the different regions using local technical criteria [41]. For this, sustain-
able construction guidelines and codes are being generated with more detailed and
context-specific recommendations [42]. Colombia does not have its own certification
system, but the LEED, EDGE, and CASA Colombia certifications are implemented.
The domestic roadmap for net-zero carbon buildings promotes voluntary standards,
verified by a third party, as a tool to mobilize the market.

2.6 Costa Rica

In Costa Rica, the entity in charge of setting building construction, design, and plan-
ning standards is the Institute of Housing and Urban Planning (INVU, in Spanish),
through Building Regulations [43]. The latest version of the regulations (2018) men-
tions temperature as a thermal comfort parameter on three occasions, specifically,
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article 265 of the section on Health Service Buildings mentions that natural ventila-
tion must ensure air circulation and maintain a temperature between 18 and 24◦C.
Article 270 of the same section adds that all the air in the rooms must be renewed
every hour.

The VII National Energy Plan 2015–2030 [44] outlined, within its specific goals,
improving the energy efficiency of buildings (objective 1.2.5), as well as promoting
the use and making purchases of efficient equipment, household appliances, water
heaters, and lights (objectives 1.2.1 to 1.2.4) more accessible. To date, some progress
has been made, such as Directive N◦ 050-MINAE 2019 [45], which includes 9
sustainability criteria that every public building must comply with. However, the
strategies to achieve each one of the criteria do not havemetrics that allowmonitoring
progress.

The private sector has promoted the international LEED and EDGE certifications,
among others, while banking entities have opened specific lines of credit for buildings
that incorporate sustainability criteria.

The RESET—Requisitos para Edificaciones Sostenibles en el Trópico (Require-
ments for Sustainable Buildings in the Tropics)—certification was created, which
later became the voluntary standard, INTE C170:2020 of INTECO [46]. Criteria 11
of the section on Spatial Well-being and Quality of this Standard refers to comfort,
indicating that this is determined considering the activity and clothing of the users.
As a reference value to comply with, it indicates that the tolerance limit to tempera-
ture and relative humidity for people in the tropics are 28◦C and 80%, respectively.
This means that all buildings whose thermal conditions are lower than 28◦C and
80% (WBT 25.3◦C) would comply with the criteria, without indicating the lower
tolerance limit.

2.7 Ecuador

As of 2006, Ecuador launched a series of policies, projects, and programs to pro-
mote energy efficiency in different economic sectors [47–49]. In 2007, 11 Standards
were prepared to foster efficient construction and energy management, along with
23 Technical Requirements on energy efficiency, where the NTE INEN 2506 Energy
Efficiency inBuildings stands out [50]. In 2011, a chapterwas included in theEcuado-
rian Building Standard (NEC, in Spanish), which addresses criteria of thermal and
acoustic comfort, as well as ventilation, air quality, and lighting requirements [51].

The National EE Plan 2016–2035 (PLANEE) has concrete goals in the buildings’
framework so that Ecuador complies with international initiatives focused on “guar-
anteeing access to affordable, secure, sustainable, and modern energy” (SDG7), and
“doubling the global index of energy efficiency improvements” (SE4ALL) [52]. One
of the goals by 2035 is that residential, commercial, and public sector energy con-
sumption is reduced by at least 88.8 Mbep, thanks to the energy efficiency measures
implemented.
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In 2018, a new regulation applicable to buildings was generated, where the section
on EE of NEC-HS includes definitions of Thermal Comfort andWell-being [51], but
requirements for indoor conditions are not established. However, in the NEC-HS on
Air-conditioning, design humidity and temperatures are established in line with the
climate (warm climate temperatures between 23 and 25◦C, and RH of 45 to 60%;
cold climate temperatures between 20 and 23◦C and RH of 40–50%). It promotes
natural ventilation for air renewal, establishing minimum flows, mainly based on the
ASHRAE 62.1 and ASHRAE 62.2 Standards. For lighting, it establishes minimum
values between 50 and 300 lux depending on use, with energy efficiency values of
its installation of between 6 and 12 W/m2.

In 2019, the Organic Energy Efficiency Law [53] was published, a goal outlined
in PLANEE 2016–2035, which indicates in Article 17 that there must be a rational
use of energy, promoting saving energy without reducing comfort and production.

2.8 Mexico

Mexico is one of the countries in Latin America and the Caribbean that has developed
most in energy efficiency-related issues [1, 2], through a broad variety of programs
and actions, such as the Energy Efficiency Standardization Program, the Energy
Saving Program in the Federal Public Administration, the GreenMortgage Program,
and the Sustainable Improvement Program for Existing Housing, among others.

Standardization in energy efficiency has been the most successful cost-benefit
public policy in Mexico and has consisted of developing technical specifications that
seek to limit energy consumption in equipment and systems, as well as buildings.
The issuing of the Official Mexican Standards on Energy Efficiency (NOM-ENER)
began in 1995, and to date there are 33 NOM-ENERs, entailing a reduction of
45.9% in residential energy intensity between 1995 and 2015 [54, 55]. In addition,
the standardization program has been accompanied by the creation of conformity
assessment processes run by laboratories, certification entities, and verification units
accredited by the Mexican Accreditation Entity (EMA, in Spanish). NOM-2008-
ENER-2021 (energy efficiency in buildings, non-residential building envelope) and
NOM-020-ENER-2021 (energy efficiency in buildings, habitational use building
envelope) stand out, which it is deemed can entail an improvement compared to the
indoor environmental conditions, but that do not set requirements in this regard [56].

In 2019, the NMX-C-7730-ONNCCE-2018 Mexican Standard on “Ergonomics
of the thermal environment—analytic determination and interpretation of thermal
comfort through the calculation of the VME and PEI indexes and local thermal
climate criteria” came into force, an adoption that is identical to ISO 7730:2005 [57].
In 2020, the NMX-577-ONNCCE-2020 Standard was developed, which is currently
undergoing consultation. This establishes the parameters, values, documentation,
andmethodologies to evaluate the indoor environment quality expected of a building,
from the design characteristics described in the executive project, to procure occupant
comfort and health. Likewise, it allows evaluation of the energy performance of
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systems that contribute to reaching indoor environmental comfort, to limit energy
consumption [58].

Mexico is the onlyLatinAmerican country that does not have a domestic construc-
tion regulation, as each municipality has attributions to issue its own [59]. However,
in the state or municipal regulations, no requirements regarding the environmental
conditions of spaces are seen.

2.9 Peru

Since 2014, the National Building Regulation (RNE, in Spanish)—Building License
includes the management document, EM. 110 Thermal and Light Comfort with
Energy Efficiency, which is the first national standard that seeks to improve, from
the architectural design, the thermal and light comfort conditions through the energy
efficiency of the buildings [60]. The standard establishes and characterizes zones of
theRepublic of Peru by bioclimatic criteria for construction, and determines technical
guidelines and parameters for thermal and light comfort for each zone defined. It
is applied for new habitable buildings, along with extensions, remodeling, repair,
and/or conditioning. Apart from sources such as ASHRAE or ISO, this standard
uses as a reference, the Argentinean, Chilean, and Spanish regulations related to
comfort and energy efficiency. With regard to thermal comfort, maximum thermal
transmittance limits (U) are established for the roof, wall, and floor, the absence of
condensation, and carpentry standards for window permeability. For light comfort,
they determine minimum window areas following the calculation method that the
standard determines, as well as indicating minimum characteristics that must be
obtained from the manufacturer on aspects such as density, thermal conductivity,
and solar factor, among others.

Law 3381–2018 CR also exists. This strengthens the attention paid to frosts
through improved housing [61]. It rules that the Ministry of Housing, Construc-
tion, and Sanitation, through the National Rural Housing Program, must implement
improvements under bioclimatic design strategies that improve thermal comfort
under extreme weather situations, such as frosts. This law outlines a government
policy that has mainly focused on financing rural housing to improve thermal com-
fort.

2.10 Uruguay

At a national level, Uruguay has developed the Energy Policy 2005–2030 and the
National Energy Efficiency Plan 2015–2024 [62, 63], where actions are laid out to
move toward the reduction of energy consumption by 2025. Among these actions,
the development of a set of technical standards to evaluate the energy performance
of buildings stands out. Its goal is to contribute to the development of a building
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energy efficiency certification program. These standards are mainly adoptions of the
international ISO Standards and are voluntary in nature.

As for the residential sector, currently, there is no domestic regulatory framework,
though there are uneven requirements between the administrative units and without
a direct relationship with climatic zoning [64]. These requirements focus on venti-
lation and lighting conditions (minimum areas of openings) based on principles of
hygiene. Although there are regulations in some administrative units that include
sustainability approaches of buildings, energy efficiency, and GHG reduction, in
these cases energy efficiency is addressed by the reduction of the energy demand for
thermal conditions, establishing minimum energy quality requirements for the enve-
lope (thermal transmittance and solar factors), focusing exclusively on new housing.

ANational Building Regulation—Housing Hygiene is under development, which
establishes minimum requirements to improve the thermal quality of the envelope,
without defining a performance baseline with given comfort levels, or criteria by
climatic region or type of building [64]. On the other hand, public housing policies
have had demands on the energy quality of the envelope in specific programs since
1999, and since2011 for the constructionof housingwith non-traditional construction
systems [65].

Although there are no local certifications, the Housing Environmental Sustain-
abilityModel (Suamvi, in Spanish), developed at a regional level by the Intendance of
Montevideo, stands out. Currently, there are aspirations for the creation of a Suamvi
Seal [66]. This model integrates the dimensions of air quality, acoustic comfort,
energy quality of the envelope, and the incorporation of renewable energies.

3 Discussion

All the countries revised in this chapter have energy policies or similar initiatives
that establish short-, mid-, and long-term actions to reduce greenhouse gas emis-
sions, motivated by the Paris Agreement. In 2020, 136 countries worldwide included
actions for addressing building-related emissions or improving energy efficiency
[3]. Among them, some of the countries reviewed in this chapter, such as Argentina,
Chile, Colombia, Mexico, and Uruguay, are found. One of the main actions is the
development of building energy codes, where Latin American countries are quite
behind when compared to the countries of the Global North. Among the countries
that have building energy codes, these are voluntary, or mandatory for part of the
sector (usually the residential sector). This implies a great difference from the coun-
tries of the Global North, where building energy codes are mandatory for the entire
sector. These codes focus on improving the energy performance of buildings, aiming
at reducing energy consumption. In general, occupant comfort goals are not explic-
itly mentioned, but it is assumed that comfort would be a consequence of improving
performance.

In energy label matters, all the countries reviewed have an equipment labeling
system, but just Argentina, Brazil, and Chile have energy labeling for buildings, and
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Mexico has one for building envelopes. The Province of Santa Fe, in Argentina,
which has implemented mandatory labeling for housing, and Brazil, where label-
ing is mandatory for public buildings, stand out. In other countries, this has been
implemented as voluntary, looking to make this a mandatory policy in the future.

For building sustainability certification, the LEED international certification has
had a great impact on the countries reviewed. In addition, the EDGE certification,
exclusively developed by theWorld Bank for developing countries, has become quite
popular in the region. Only some countries have developed their own certifications,
such as the Procel EDIFICA in Brazil, or the CES certification for public use build-
ings, and CVS for housing in Chile. In addition, the CASA Colombia certification
is a local development based on international standards. All of these are voluntary
systems.

The regulations for comfort are much scarcer and, in general, replicate interna-
tional standards, such as the ASHRAE or ISO, to address procedures and standards
on thermal comfort, acoustics, air quality, and light comfort. In some isolated cases,
comfort standards are included in the building energy codes, such as the Brazilian
standard NBR 15575, which establishes thermal comfort requirements to evaluate
the thermal performance of buildings under natural ventilation conditions [21]. This
initiative is very important, as it promotes the passive behavior of buildings using
natural ventilation, alongside adaptive comfort ranges.

In other countries, the ambiguity of thermal comfort regulations is questioned,
such as the lack of reference to studies that are based on comfort limit values. These
issues have not been a priority in most of the countries reviewed, mainly as buildings
traditionally do not use any heating or cooling system, thus consuming very little
energy. It is important to consider that Latin American countries have pretty benign
or warm template climates, where there is little need for air-conditioning, or there
is a high adaptation of the occupants. For example, a study in the city of Cuenca,
Ecuador, determined that 65% of the users stated that their home is comfortable, and
just 2% said that they use a type of heating, with outdoor temperatures under 18◦C
most of the year [67]. This is similar to several large cities in the Andean region.

4 Conclusions

This chapter reviews current policy instruments that are relevant in terms of energy
and environmental comfort in buildings in ten countries of Latin America. From the
review, it can be concluded that there are important differences between countries.
Some of them have a strategy articulated by energy policies with short-, mid-, and
long-term goals, that include a series of standards and initiatives that would allow
reaching the goals as long as their implementation is effective and efficient. However,
others are at a fledgling stage.

Some countries have building energy codes that lay down thermal performance
requirements, where comfort would be a result of the thermal improvements, but
very few define specific requirements for comfort, and certainly not mandatory ones.
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Recent economic, environmental, and social changes have increased occupant expec-
tations for comfort, increasing the need to regulate this issue considering the knowl-
edge generated at a local level, including the identification of benchmarks and gaps.
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Thermal, Acoustic, and Visual Comfort
and Indoor Air Quality in Classrooms
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Abstract Indoor Environmental Quality (IEQ) is a crucial for ensuring comfortable
and healthy indoor spaces, and it is influenced by four primary factors: thermal com-
fort, acoustic comfort, visual comfort, and air quality. These aspects have a combined
influence on the overall perception of comfort, and therefore, need to be assessed
with a holistic approach. This chapter presents design strategies that would generate
the indoor environmental conditions needed to ensure IEQ in school classrooms in
the Global South. First, the design strategies are identified and classified for each
aspect of IEQ based on a literature review. Then they are organized, and conflicting
design strategies are identified. Finally, a design workflow for the incorporation of
passive design strategies in school classrooms is presented.
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1 Introduction

Indoor environmental quality is a broad concept that includes thermal, visual, and
acoustic comfort as well as indoor air quality. The REVA guidebook [1] proposes
that the perception of comfort is dependent on the building’s use, outdoor conditions,
building design, and the services in place. Recent research has also shown that the
personal characteristics of occupants, as well as previous experiences, expectations,
and interaction with the building, play a role in the perception of comfort [2].

The quality of indoor environment has well-known impacts on occupants’ health
andwell-being. This is especially relevant in school classroomswhere children spend
between 799 (elementary school) and 913 hours per year (high school) in OECD
countries [3]. The exposure to indoor environment at school as well as their experi-
ence at home will shape their comfort expectations for the future.

On the other hand, buildings need to avoid overreliance on energy-consuming
strategies to ensure the quality of indoor environment [4]. This is especially true
in low-income countries or in buildings serving vulnerable populations. Therefore,
there is a need for low-tech solutions that focus on indoor environment quality and
energy efficiency. School buildings also have the constraints of lowmaintenance and
operational budgets, and since schools are needed in remote, sometimes inaccessible
areas, designers need to consider these constraints.

Passive design proposes strategies that will provide a healthy environment with
little to no energy demand. There are many passive design strategies adapted to cool
or hot spaces, some to improve light conditions through the use of daylight, some to
provide air renewals, and a few on acoustic comfort.

However, there is a lack of knowledge on the impact of these passive design
strategies on overall comfort, as well as the effect these strategies have on thermal,
visual, and acoustic comfort and indoor air quality. Therefore, this review aims at
developing a classification scheme with a holistic multicriteria perspective.

2 Methodology

The research methodology involves two main phases. The first phase is a systematic
review of indexed articles and books that present passive design strategies related to
thermal, acoustic, and visual comfort along with air quality in educational settings.
These publications will be reviewed to retrieve the design strategies used in school
classroom design that have a direct impact on IEQ. The second phase will be the
classification and cross-examination of the strategies identified tofind co-occurrences
and how these would interact.

The literature review was limited to the last 20 years and considered thermal,
acoustic, and visual comfort, or indoor air quality, related to design strategies appli-
cable to classrooms. The search only considered classrooms as these have specific
conditions related to size, occupancy, and period of use, that differentiate them from
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Table 1 Keywords used

Topic English keyword

1 School classrooms School building; educational institution;
classroom

2 Passive design strategies Passive design; passive strategy; bioclimatic
design; bioclimatic architecture; bioclimatic
construction; passive measures; passive
system; Architectonic design

3 Indoor environmental quality Indoor environmental quality; IEQ;
environmental ergonomics

4 Thermal comfort Thermal comfort; thermal sensation;
adaptative comfort

5 Acoustic comfort Acoustic comfort; acoustic design

6 Visual comfort Visual comfort; light comfort; lighting;
natural light

7 Indoor air quality Indoor air quality; IAQ; outdoor air quality

other buildings. The Scopus database was used to conduct the search. The keywords
used are listed in Table 1. The search was defined to include at least one keyword
referring to topics 1 and 2, and at least one keyword for topics 3–7.

The selection of papers wasmade in two steps. First, duplicates were consolidated
in the database, then the title and abstract were read to confirm the relevance of the
paper for the objective of the review. Papers that were only changing values of
the design parameters but not proposing passive design strategies, those that did
not consider passive design strategies, were too broad or narrow in scope, or were
misclassified by the search engine, were excluded from the review.

In the following step, relevant paperswere read and analyzed to extract and identify
passive or low-energy consuming design guidelines and architectural solutions, that
will provide optimal indoor environmental conditions in classrooms.

3 Results

The reviewmade on the Scopus platform identified 87 documents published between
2012 and 2022. The availability of the authors of 84 articles was established, from all
available papers, where 4 were excluded because they were not related to the general
research topic; 20 did not study school-level buildings, 4 presented a refurbishment,
and 38 presented a case study without passive design strategies. After this step, 15
papers were selected and summarized in Table 2.

All 15 of the reviewed articles included design strategies to improve daylighting
and thermal comfort. However, only four of them addressed ventilation, and these
primarily focused on heat removal rather than indoor air quality. Additionally, only
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one article considered acoustic comfort when evaluating the design of a Kinetic
adaptive façade [5]. The results of the review are consistent with the idea that passive
design aims at improving thermal comfort, while the relevance of the visual aspect
in schools makes it relevant to also consider this as part of IEQ. A lack of strategies
for indoor air quality and acoustic comfort is identified. This could be related to
the predominant use of mechanical ventilation in North America, and the normative
requirements for window-sizing in Europe. Acoustic comfort has been a specialist
issue, where architects seek expert advice once the initial draft of the architecture is
ready.

3.1 Multicriteria Design Recommendations for Comfortable
Classrooms or How to Design a Comfortable Classroom

IEQ-related design strategies will have different consequences for each of the four
aspects: acoustic, visual, and thermal comfort, aswell as indoor air quality. Therefore,
the strategies will be presented/classified by their position in the room.

3.1.1 Climate

Climate is of foremost relevance when designing low-tech and low-energy buildings.
In the current climate emergency, future climate scenarios should be considered, as
schools tend to have a long lifespan. Climate change will affect heating and cooling
loads and could also have an impact on rainfall patterns and sky coverage during the
year.

Topography, waterbodies, urban heat islands, and vegetation should also be con-
sidered as they will characterize a microclimate. This microclimate can also be used
in the design to control and change the conditions around the building.

Heating and cooling loads are dependent on the local climate. Tools such as
cooling degree days and heating degree days can be used as a first step to assess the
climatic conditions but should be complemented with information on pluviometry,
daily temperature changes, solar radiation, and sun paths. Humidity, pluviometry,
and wind will also affect thermal comfort.

Outside noise is also considered part of the microclimate. Noise sources such
as roads, airplane routes, and others should be identified as the building envelope’s
design needs to be adapted to them.

Wind direction and speed during the year will be especially relevant for design and
the use of natural ventilation. Once again microclimate factors such as tall buildings,
waterbodies, trees, and others that could affect wind direction and speed need to be
considered.

The design incorporating daylighting should consider sky conditions and daylight
hours at the location [6]. Tall buildings and other elements that could affect the
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Table 2 Design strategies proposed in the identified studies

Classroom IEQ

Ref. Country Climate type aspect(s) Strategies

1 [6] Iquique,
Santiago and
Coyhaique,
Chile

BSk, Csa,
Cfc

School
classroom

Daylighting –Light shelves

–Light shelves and
lower blinds

–Upper blinds

–Light shelf and
skylight

2 [7] Iquique,
Santiago and
Coyhaique,
Chile

BSk, Csa,
Cfc

School
classroom

Daylighting,
Thermal
comfort

–Orientation

–Infiltration

–Glazing area per
square meter

–Type of glazing

–Enhanced walls and
roof insulation

3 [8] Seoul, Korea Dwa School
building

Daylighting –Dynamic exterior
blinds

–Automated artificial
lighting

–Heat Exchanger (HE)

4 [9] Taiwan Cfa School
building

Natural
ventilation,

–Green roof

–Exterior shades

Daylight, –Greenery outside
windows

Avoidance
of solar heat

–Operable windows and
electric overhead fans

gains –Enhanced walls and
roof insulation

5 [10] Tehran, Iran Csa School
building

Thermal
comfort

–Orientation

–Wall and roof
insulation

–Night-time natural
ventilation

–All-day natural
ventilation

–Fins and overhangs

–Thermal mass

6 [11] Auckland,
New
Zealand

Cfb School
building

Energy
consumption

–Area to volume ratio

–Window area to
building volume

(continued)
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Table 2 (continued)

Classroom IEQ

Ref. Country Climate type aspect(s) Strategies

7 [12] Tianjin,
China

Dwa School
building

Heating and
cooling
demand,
Thermal
comfort,
Daylight

–Orientation

–Room depth

–Corridor depth and
configuration

–Window-to-wall ratio

–Glazing material

–Shading types

8 [13] Sharjah,
UAE

BWh School
building

Thermal
comfort,
Ventilation

–Open and closed
courtyard

9 [14] Tehran, Iran Csa School
classroom

Heating and
cooling,
Daylighting

–Overhang

–Blinds

–Light shelf

10 [15] Madurai,
India

Aw University
classroom

Thermal
comfort,
Ventilation

–Vertical and horizontal
shading devices

11 [16] Seoul, Korea Dwa School
classroom

Daylighting –Vertical and horizontal
shading devices

–Outdoor horizontal fins

12 [17] Kuala
Lumpur,
Malaysia

Af School
building

Natural
ventilation,
Daylighting

–Ventilation blocks

13 [18] Hebron,
Palestine

Csa School
classroom

Thermal
comfort

–Solar chimney

–Solar wall

–Underground duct

14 [5] Ho Chi
Minh City,
Vietnam

Aw School
classroom

Acoustic
comfort

–Kinetic adaptive façade

15 [19] Biskra,
Algeria

BWh School
classroom

Thermal
comfort,
Daylight

–Window-to- wall ratio

–Glazing

–Vertical and horizontal
shading

availability of light should be considered. Visual comfort also includes views, which
should be studied to provide, if possible, views of nature.

Once the climate and site are characterized, passive design strategies can be pro-
posed. Here, an analysis per element is proposed in the classroom envelope setup.
The aspects of each element that affect acoustic, visual, and thermal comfort as well
as indoor air quality and their interactions are described.
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3.1.2 Walls

Walls are the biggest part of the envelope in classrooms. From the inside, these are
always visible to students and act as the background for the visual field. From the
outside, they are the protective layer, that is in direct contact with the climate.

Wall Insulation

The building’s envelope comprises walls, windows, doors, the floor, and the roof. The
materials used in walls need to be adapted to the outdoor climate. Choosing proper
insulation materials is of the utmost relevance. It is relevant to note that thermal
insulation materials can also double as acoustic insulation materials. Each country
has its own insulation requirements, but the general approach should be to lower the
need for heating and cooling as this will lower operation and maintenance costs.

For acoustic insulation, the rationale is to identify noise sources and design the
envelope so that each classroom has a similar level of outdoor noise insulation.
Airborne sound insulation of the façade should be used as an indicator for outdoor-
facing walls and airborne sound insulation between spaces for indoor-facing ones
[20].

Air infiltration should also be considered. Infiltration is the uncontrollable move-
ment of air through cracks and small holes in the envelope. It can also generate
interstitial condensation in the walls.

Thermal Mass

Thermal mass can store thermal energy and can be used to lower temperature varia-
tion during the day or to store heat during the day. Combined with good ventilation
that removes heat through night-time ventilation, this strategy can be used in hot
climates. Thermal mass, because of its composition also provides airborne sound
insulation.

Finishes

The color,materials, and reflectancewill affect the perceptionof light. The reflectance
of walls will affect the perception of glare inside the classroom [21]. It is recom-
mended to use light colors to better distribute luminance by inter-reflection, and avoid
high contrast between the window area and the wall.

Color, although not clear, has been linked with thermal perception [22] in experi-
mental settings, where, warm colors make people feel warmer and cold colors colder.
There is no clarity about the saturation needed to observe this, or if it would affect
thermal perception in a classroom.

The materials used for finishes in classrooms will affect how the voice of the
teacher is perceived. It is recommended to include absorbent panels on walls to
improve the acoustic quality of the space [23] as a complement to ceiling acoustic
absorption.
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3.1.3 Windows

Climate will be the first parameter under study when designing windows in a class-
room. Outdoor temperatures and wind direction, sky conditions, daytime hours, and
pluviometry, should be known in detail for the location of the classroom.

Windows in classrooms are designed mainly to provide daylight as well as pro-
viding natural ventilation. In the Global South, most classrooms rely on natural
ventilation to provide fresh air [24] to lower operational and maintenance costs. It is
also relevant that these systems can work when electricity is scarce or not reliable,
making the buildings resilient. The design of windows will also have an impact on
thermal comfort and acoustic comfort which should be considered.

Window Orientation

The preferred position of the window in the literature is the façade that does not
receive direct sunlight. In the case of the southern hemisphere, this is the south-facing
façade. This preference is based on the idea that avoiding direct sunlightwill diminish
glare and patches of direct solar radiation on the body of the students which would
affect their thermal perception. When considering this issue, it is relevant to study
not only the orientation of the window, but also if reflective objects on the outside
could redirect sunlight into the classroom and if there are obstructing elements that
will diminish direct and indirect sunlight. The same principles apply when designing
for natural ventilation. Most of the time, the orientation of the building is given
beforehand, and the design of the building needs to respond to the constraints of a
given site.

It is also relevant to consider that noise could enter the building through the
windows. Therefore, windows facing noisy streets or courtyards should be avoided.
In this case, one recommendation could be to separate ventilation from lighting.

As stated byMontazami et al. [25], outdoor noise can be detrimental to Indoor Air
Quality, because the noise would be more disruptive for the teaching than poor air
quality, skewing decision-making toward eliminating noise. When pondering Indoor
Air Quality against thermal comfort, research shows that air quality will be neglected
in favor of avoiding temperature loss [24].

Ventilation Patterns

Ventilation is the main strategy to provide good indoor air quality by removing
contaminants produced inside the classroom. Natural ventilation is the preferred
option as it is low-tech, does not require energy, and itsmaintenance is low.Depending
on the characteristics of the climate, different strategies can be used. Ventilation will
also remove heat if outdoor air is cooler than indoor air. If the temperature difference
is above 2◦C, air movement could provide a cooling effect.

Single-side ventilation is the most commonly used option in classrooms, although
it is not themost effective strategy. It is reliant onwind pressures on the façade and the
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stack effect. Due to the high occupancy of classrooms, a more effective ventilation
strategy should be preferred.

Cross-ventilation is when two or more windows on different walls are open. The
difference in pressure between both sides of the building will cause the removal of
indoor air. This strategy will work in narrow buildings, where the distance between
windows is less than 5 times the height of the room and less than 15m. This strategy
is dependent on window size and location.

Stackor convective ventilationuses the stratification causedby the air temperature.
As the air warms, it becomes less dense and rises. The rising air is removed and
replaced by air entering at a lower temperature from outside. This strategy requires
openings at the bottom and top of the building or roof operable windows. The main
advantage of this strategy is that it is independent of wind speed, therefore, it can be
used in climates with low wind velocity or when it is not possible to face prevailing
winds.

Solar chimneys are another ventilation strategy comprising three fundamental
parts: a solar energy collection area at the top of the chimney, the main ventilation
shaft, and air intake and exhaust ducts. Heating the air with solar energy at the top
of the chimney increases the temperature difference between the incoming and out-
going air, which in turn increases the velocity at which it moves within the chimney.

Window Size

Window geometry in classrooms is usually defined by the need to provide daylight.
Windows should provide natural light, as uniformly as possible to the whole class-
room during most of the time in use. Design strategies such as light shelves [14] and
high windows could improve light distribution when used correctly.

When deciding the size of the window, glare probability should also be assessed
as too much light can be just as detrimental as a lack thereof.

To counteract the possibility of glare, solar protection should be designed. Indoor
curtains should not be an afterthought, and if possible, should be specified at the
design stage. Indoor and outdoor blinds and louvers could also be designed when
needed [15, 16, 19].

To ensure proper ventilation for the removal of indoor pollutants, the size of the
operable windows should be considered. It is relevant to consider the orientation of
the window and the type of opening as this will determine the efficiency of the sys-
tem. As stated before, it is possible to uncouple ventilation from lighting if needed
as noise from the outside can affect the learning process [26].

Window Materials

The design of windows should consider at least three main aspects: frame, pane, and
opening. The frame material and design will affect the thermal conductivity of the
window, noise transmission to the frame, air permeability, and the area that is trans-
parent. Frame design varies enormously depending on the available manufacturers
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and designs; therefore, this will not be further discussed. It is advised to thoroughly
review the specifications of several options considering the aforementioned aspects.

Windowpanes are usually glass. Thermal transmission should be the first aspect to
consider using the local regulations and requirements, to better adapt to the climate.
Single pane glass will have a transmittance between 5.4 and 5.85 W/(m2K), and a
double pane 1.8 and 3.4 W/(m2K), depending on the design of the pane and glass.
The solar heat gain coefficient (SHGC) is the fraction of solar radiation admitted
through a window. The lower the SHGC, the less solar heat it transmits, and the
greater its shading ability.

Pane design will also affect acoustic performance. Double-pane glass will have
better sound insulation than single-pane. The separation between the panes will also
improve sound insulation.

Visible transmittance (VT) is a fraction of the visible spectrum of sunlight that
is transmitted through glazing and is expressed as a number between 0 and 1. Glass
with a lower VT can be used to reduce glare. Double glazing will have a lower VT
than single glazing, but there are other, more effective strategies to control this.

The opening of the window will determine air tightness and ventilation potential.
Sliding windows tend to be less airtight than hung and pivoting windows, although
this is heavily dependent on the design and quality of the manufacturing process.
Ventilation potential should be considered as it will define the available area for nat-
ural ventilation. Hung and pivoting windows will account for more ventilation area
than sliding windows.

Outside View

Although teachers perceive an outside view as distracting for students, it is also
relevant to consider the visual aspect of windows when defining their size. The
benefits of visual connection to the outside have been proven, especially when a
view of nature is available [27].

Aviewof nature has been linked to children’swell-being [28],while previous stud-
ies have found a linkbetween apleasant view that includes vegetation andbetter learn-
ingoutcomes [29].Thecurrentdaylightingstandard,EN170372018, includesoutside
viewsasan indicator that shouldconsider aclearvisionoutside, ahorizontalviewfrom
a certain position in the room, and a view that considers more than one layer of infor-
mation.KentandSchiavon[27]argue that sincenaturehasa“strongerassociationwith
psychological restoration and positive affect”, this type of outside view surpasses the
minimum requirement, without the need to includemore layers of information.

For classrooms, it is relevant to consider the height of the window from the per-
spective of students sitting and teachers. Younger students will require different
windowsill heights than older ones. All students in the classroom should have access
to an outside view from their location. Another aspect that interrupts the view is the
design of the panes. If too many divisions are made, then the view is segmented. No
interactions between the outside view and acoustic, thermal comfort, and indoor air
quality have been reported.
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Shading and Solar Protection

Solar heat and light can be detrimental to IEQ. Excess heat from unwanted solar gains
aswell as excess light can be controlled by using shading devices and solar protection.
Glare is the most common source of discomfort from daylight in classrooms and
should be avoided.

The design of these elements will depend on outdoor temperature, sky conditions,
orientation, and location of the windows. Shading can be designed as part of the
window or an extension of the roof. This strategy will work better on the façade that
receives the sun from a higher position (north façade in the southern hemisphere).
When the sun is lower on the horizon, horizontal and vertical louvers will be more
effective.

3.1.4 Roof

The fifth façade of the building can also affect the IEQ. The selection of materials
should be made considering the climate and microclimate where the school will be
located. The need of using thermal mass in roofs should be considered when there
are large temperature oscillations during the day.

Roof insulation should be carefully considered based on the characteristics of the
climate.

The roof can also double as a learning space. Green roofs can provide extra space
for outdoor activities and the restorative benefits related to contact with nature.

Roof Windows

Windows placed on the roof can direct light toward deep-lying spaces. As stated
before, daylight penetration has limitations so, when spaces are too deep, additional
sources of light are needed. It is advisable to provide indirect light, as direct sunlight
from the ceiling would produce overheating and glare.

For ventilation, roof windows, if operable, can provide a stack effect. This type
of window is commonly used for night-time ventilation since their operation is safer
at night than leaving a window open. Special attention should be given to operable
roof windows in climates where rain can be expected.

Noise should be considered if roof windows are operable and there are known
sources of outdoor noise such as air traffic or busy street traffic.

If windows have low insulation properties, heat stratification can lead to excess
heat loss in winter, affecting thermal comfort.

Finishes

Ceilings should consider acoustic panels to achieve the required sound insulation.
Sound, similarly to thermal bridges, can be transmitted if the junction between the
vertical and horizontal envelope is not carefully designed. Flanking transmission is
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the structural transmission of sound energy from one room to another and should
be avoided by design. Ideally, the ceiling would be white matt as this provides good
light reflectance.

3.1.5 Floor

Floor design will impact thermal comfort, because of radiative temperature and
visual comfort, depending on color and finish. Acoustic comfort will be affected by
the impact and airborne sound insulation of the floor. Both types of noise can be
transmitted vertically between adjacent rooms [23].

The finishing material of the floor should be chosen considering that reflections
from direct solar radiation can become glare sources. Although dark colors could be
used, the contrast between them and the desk should be considered. Therefore, a low
reflectance of the floor is recommended. The specularity of the finish should also be
lowered if possible [21].

3.1.6 Furniture

The color and finish of the furniture should be designed for avoiding glare. Highly
reflective materials are beneficial to distribute light in the room as long as the surface
is not glossy, and has a low specularity. This is especially true for desks but should also
be considered for other pieces of furniture such as chairs, bookcases, andwindowsills.
Dark table colors should not be used to avoid high contrast between the work plane
(books and notebooks) and the background.

4 Discussion

The first objective of a school should be to provide a safe space for learning, while
also giving the best conditions possible to enhance the experience of children. When
approaching the design of a school, the designer and stakeholders need to keep in
mind that students will spend more time awake at school than in their own houses.
At the same time, if they complete their education in the same building, they would
have spent 12 years in it. Probably more than the time any adult will spend in the
same work environment. Therefore, it is of the utmost relevance to deliver the best
design possible.

School design for indoor environmental quality should be faced from a holistic
perspective. In the Global South, a passive design perspective will be especially
useful as it will reduce operation costs, energy dependence, and maintenance. At the
same time, it will make buildings more resilient to natural disasters [30].

The guidelines proposed in this chapter aim at delineating this holistic approach
by presenting the different factors that need to be considered to design a classroom.



Multicriteria Design: Optimizing Thermal, Acoustic, and Visual Comfort . . . 447

Windows

OrientationSun facing Not facing 
the sun

Solar 
protection

Wind

Floor

Finishing

Sound 
insulationairborne impact

Radiative 
temperature Reflectivity

Velocity Sound 
insulationairborne

Walls

Thermal 
insulation

Flanking
impact

Thermal 
bridges

Air 
infiltration

Outdoor Indoor

Thermal 
mass

Direction 

Operation Outside 
noise

Ventilation 
area

View

FinishesLight 
distribution

Low 
specularity

Acoustic 
panels

Light 
reflectance

Roof 
windows

OrientationSun facing Not facing 
the sun

Solar 
protection

OperationVentilation 
area

Outside 
noise Rain

Roof

Sound 
insulationairborne

Thermal 
insulation

Flanking
impact

Thermal 
bridges

Air 
infiltration

Outdoor Indoor

Thermal 
mass

FinishesLight 
distribution

Low 
specularity

Acoustic 
panels

Light 
reflectance

Fig. 1 Design workflow of define passive strategies to achieve IEQ

The design workflow presented in Fig. 1 should work as a guide to achieve safe,
healthy, and comfortable classrooms.
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Abstract Comfort concept refers to the physical, psychological, and sociological
conditions of inhabited space, mainly studied from its physical components with
quantitative variables, thereon limiting the scope of qualitative variables from their
life habits dimension as an existential circumstance—broad, subjective, continu-
ous, and indeterminate. Traditional approaches to comfort allow partial readings of
specific conditions of domestic space, ignoring complex relationships between archi-
tecture, culture, and place, specifically in tropical and mountainous contexts, such
as the case of the Aburá Valley. This is a qualitative study with a descriptive, analyt-
ical, and comparative approach of four dwellings located in the Colombian Andean
tropics, looking at comfort and habits of domestic life that allowed understanding
the subordination of the former to specific daily situations of life in households,
and the latter associated with events woven into a continuous, non-linear network of
the domestic day. Particular conditions of each home were identified in their rela-
tionships with landscape, climate, and topography, manifested in singular domestic
life habits despite their locations within the same territorial entity, while adding an
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unprecedented vision to comfort studies in the Andean tropics and/or the conscious
decision of inhabitants to renounce comfort in favor of their perceptions of security,
identity, or culture.

Keywords Comfort · Habits · Daily life · Domestic space · Andean tropics

1 Introduction

Comfort in the domestic space is an issue that involves analyzing quantitative and
qualitative variables with an emphasis on the physical and psychological conditions
of people and the bioclimatic factors of spaces based on the climate of the context.

The concept of comfort has a more psychological than physical origin [1]. Its
etymology derives from the Latin “confortare”: “to soothe or reassure; bring cheer
to; console” [2]. But, twentieth-century studies focused instead on physical and
quantitative aspects of comfort for architecture implied in a more recent definition
of comfort: “a state of ease and satisfaction of bodily wants, with freedom from pain
and anxiety” [3].

Correspondingly, studies and the development of thermal comfort in architecture
have prevailed over other parameters such as lighting or noise, which influence the
physiology and responses of people who use a space. In recent decades, the notion of
adaptive thermal comfort introduced the variability of people’s responses to certain
stimuli or boredom due to an excess of exposure to them [4, 5]. de Dear [6] works
on the concept of thermal pleasure, with emphasis on the subjective dimension of
people and their relationship with a dynamic time and a fluid space.

However, the technical standards of comfort have focused, from the disciplinary
approach of ergonomics, on healthy adults in work environments, excluding other
population groups in everyday spaces such as urban or domestic environments [7].
Thus, the static notion of comfort, understood as a state of neutrality, should expand to
explore other contexts and other types of situations that include age, gender, culture,
place, or prolonged overcrowding.

This variety in the ways of life that produce subjectivities in comfort is reviewed
here from the domestic habits, which are space-time units made up of the cyclical
repetition of lived experiences within household spaces, acting as mediators between
people and their relationship with the world: at home, you learn to socialize through
family bonding from all dimensions of life. Domestic space, understood as a lived
experience, is inseparable from its inhabitants [8], where time is a crucial dimension
[9–12], and as they grow and age, inhabitants transform household spaces generating
appropriation [13–16], belonging, and identity through habitual domestic practices.

A practice is an activity named as a verb: to read, to eat, to sleep, and to watch
TV [17]. When these refer to living, they are transformed into life actions that are
spatialized: habits, “The birth of a habit [...] is the birth of a habitat, of a Space” [18].

In turn, everyday life refers to the world of life, Lebenswelt in the words of
Husserl [19, 20], and is composed according to Lefebvre by “space, time, plural-
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ities of meaning, the symbolic, and the practice” [21]. In this sense, the everyday
brings dimensions of phenomenal complexity to these domestic activities [22–24]. In
contemporary times, life practices are traversed by phenomena that provide novelty,
update the ways activities are developed, and also modify their meanings [25, 26].

The intertropical zone of Latin America presents a unique condition in the world:
urban structures located in the Andes mountain range. In the case of Colombia, it
is divided into three mountain ranges, almost perpendicular radiation, and a hydro-
graphic structure with mighty rivers. The topography, climate, and air humidity are
unique variables when approaching the notion of comfort in this part of the world.
Under these conditions, conceptual difficulties arise on how to apply technical mod-
els to analyze comfort generally considered for seasonal areas of the world and urban
settlements on flat lands. On the other hand, living in the mountains in the Andean
tropics produces life habits in urban areas associated with landscape, gravity, skyline,
urban aerodynamics, or the thermal differential on account of the altitude and not
the time of year.

This complexity of everyday life in the tropics proposes the need to identify the
role of comfort in the events of domestic life, given that comfort as a quantitative
parameter is static and invariable, and is not present during all moments of life at
home. This condition offers a hypothesis for this work that defines the everyday as
a continuous line while comfort is a point or group of points on that line.

For all these reasons, this chapter aims at understanding the subordination of
comfort to daily situations, from habits to domestic life events. It is presented through
an analysis of the physical aspects of four houses in the Aburrá Valley, located in the
Colombian Andean tropical climate, and of the life habits of the families that inhabit
them.

2 Methodology

Descriptive, analytical, and comparative tools were used in a qualitative approach to
understand the relationships between daily life and bioclimatic variables of comfort
in domestic space (see Fig. 1).

2.1 Context

The Aburrá Valley, located at coordinates 6◦15′N and 75◦35′W in the central moun-
tain range of the Colombian Andes, is a territorial and physical-spatial structure, with
altitude ranges between 1300 and 2800m above sea level, and an Andean tropical
climate with thermal variations between 17 and 28◦C at the bottom of the valley and
relative humidity between 40 and 70%. Most of its inhabitants live on the eastern
and western hillsides bordering a river that flows from south to north.

The topographic configuration and equatorial latitude of Colombia’sAndean trop-
ical zones are unique [27], characterized by favoring climatic variability according
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Fig. 1 Methodological flow

to altitude, upward convective flows from riverbeds toward high mountains, and the
confluence of trade winds and Pacific Ocean currents, producing particular condi-
tions of temperature, humidity, wind, and microclimatic lighting within the same
city, thereby affecting the climatic behavior of households and their inhabitants.

2.2 Case Studies

Four dwellings were selected that would allow contrasting physical and sociode-
mographic variables with the ways of life of their inhabitants (see Fig. 2) under the
following criteria: (a) architectural typology: two individual dwelling units, cases V1
and V2 (houses) and two collective dwelling units, cases V3 and V4 (apartments);
(b) altimetric location, a house, and an apartment were defined for both the lower
levels of the valley—between 1450 and 1550m above sea level—and the hillside—
between 1700 and 1900 m.a.s.l; (c) (see Fig. 3) family compositions of different
generations: inhabitants of the individual dwelling typologies V1 and V2 (houses)
are consolidated families with adults and elderly, in contrast to collective dwellings
V3 and V4 (apartments) with families made up of adults, teenagers, and children; (d)
time of permanence over 2 years in the house, to check on the appropriation of space;
and (e) the possibility of access to dwellings, taking into account that the study was
conducted during the COVID-19 pandemic.

2.3 Data Collection Analysis

Theories andmodels coveringqualitative andquantitative observationswere reviewed
to integrate activities of daily living with aspects of environmental comfort. For the
qualitative, the following were used as references: the spatial holograms by [28, 29],
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Fig. 2 Dwelling typology, sociodemographic information, topographic location, and architectural
survey

Fig. 3 Geographic localization of dwellings in Aburrá Valley

the tools of analysis of ways of life by [30, 31], and the interpretation of action
sequences in daily habits by [32]. For the quantitative, climatic characteristics of
household locations were analyzed, with data from local meteorological stations [33]
on average relative humidity and temperature of a day in August, the month with the
highest temperatures, and ISO 7730 standard to determine comfort zones [34].

Information on lifestyle habits was captured from photographs, interviews, car-
tographic analysis, and architectural surveys which included the layout of objects.

Photographs were taken by the inhabitants under the condition of presenting their
space to a relative. Photos taken by the researchers looked to obtain details about the
inhabitants, daily life, space, and objects.

Interviews with the inhabitants were of the semi-structured type, based on the
(a) biographical component of the family (origin, family composition, places of resi-
dence); (b) the component of living in the house (time in the house, favorite activities,
special places); (c) the objectual component (favorite objects, most used furniture,
others); and (d) the COVID-19 pandemic component (effects of confinement, space
changes, new activities).

Cartographic analysis was used to determine the households, geographical loca-
tion in the Aburrá Valley, topography, nearby surroundings, and visuals. An archi-
tectural survey was also carried out using drawings of the space, and the location of
furniture and objects in the rooms, as shown in Fig. 2.

Todetermine the temporalities of daily events, a surveywasmade to the inhabitants
of the studied dwellings, where they were asked about the schedules of the activities
of getting up, going to bed, getting dressed, undressing, leaving and arriving at the
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dwelling, the times of eating and socializing, and sociodemographic aspects such as
age and gender.

3 From Comfort to Life Habits

The information obtained from the four dwellings was analyzed considering aspects
of the context in addition to physical and sociodemographic variables where coinci-
dences of daily life habits associated with the climatic variables of the Aburrá Valley
on a domestic day were identified.

The coincidence between habits and weather allowed identifying homogeneous
moments in the morning, noon, afternoon, and night and to get up, have lunch, go
home, and go to bed, respectively, all connected and juxtaposed in a continuous line
of action that we call events (see Fig. 4).

3.1 Comfort Situation

Geographical positions singularize spatial perceptions of the valley; dwellings
located on hillsides (V1 and V4) allow visual and landscape control; movements
toward and from the households are achieved by going up or down, thereon deter-

Fig. 4 Contrast of environmental conditions and daily life events in dwellings
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mining geospatial routines. On the contrary, dwellings at the bottom of the valley
(V2 and V3) establish counterpoint visual relationships with hillside neighborhoods
and mountains as a backdrop, with mostly horizontal routes.

Regarding climate, contrasting temporalities between domestic habits and envi-
ronmental variables allowed visualizing that morning habits are short and follow
specific routines (see Fig. 4). At this time of the day, the four houses begin to gain
heat, the air loses relative humidity, and outdoor conditions are colder and wetter
than indoors. The afternoon is more homogeneous in terms of domestic habits and
climate. It is hotter and less humid, a time of day usually used for naps, study, or
leisure.

Evening-night habits are not hasty and last longer, routines are unstructured,
and leisure is allowed. Greater thermal differences between households are clear
during these hours of the day. Those located on the hillside (V1 and V4), have lower
temperatures and humidity due to the influx of ascending winds from the bottom
of the valley (See Fig. 4), a condition that prompts wearing additional clothing or
closing windows and doors to reduce the cold thermal sensation at night. Likewise,
in households located on hillsides, a broader skyline provides more daylight during
the day and represents fewer artificial light requirements while allowing the use of
darker colors for interior finishes and better illuminated partitions.

This is represented in Fig. 4, which superimposes the air temperature and relative
humidity data in contrast with the activities carried out in a day in the 4 houses. In
addition, the comfort zone is calculated using ISO 7730 standard [34], which for the
city of Medellín is between 19 and 23◦C.

3.2 Habit Events

The architectural and object analysis showed the axial composition of the houses (V1
and V2) and the presence of a single exterior façade, differing from the apartments
(V3 and V4) with diverse axes, and configurations related to more than one façade.
This is a difference that defines everyday life trajectories: forward-backward in the
former, forward-backward, and left-right in the latter. Common to all four cases,
doors define thresholds between private spaces (bedrooms, bathrooms) and the rest
of the household, whereas collective spaces (kitchens, dining, and living rooms) have
no doors, evidence of an increasingly common variation of domestic space in the
case of kitchen configurations in contemporary times.

Light colors for indoor surfaces prevail in the four households.White onwalls and
ceilings is common, and glossy textures on the floors show the special importance
given to domestic hygiene in the Aburra Valley, and despite advancements in gender
equality [35], women’s association with domestic activities is still present, even in
the home with the youngest family (V4).

Regarding household furniture and objects, the dining room table and the liv-
ing room sofa are key players in family spaces, while the bed is the most significant
object-piece of furniture in private spaces for rest and intimacy. Screens have become
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Fig. 5 V3 and V4 household interiors

predominant objects both in private and collective spaces, with televisions, comput-
ers, tablets, and smartphones, as well as mirrors and reflective surfaces.

A specific space for family entertainment is particularly present in homes with
children or adolescents (V3 and V4), including a large TV, a video-game console,
artificial lighting, and sound, directly related to the living room. However, a favorite
among shared activities in both cases is watching movies as a family in or on the
parent’s bed. So considerable proportions are required for these beds to accommodate
up to six people at a time. Located against the walls, utilitarian furnitures such as
cabinets, nightstands, or dressers allow free movement in the four homes (see Fig. 5).

From a sociodemographic point of view, rural origins linked to agriculture jobs
were identified as nuclear components in the four families, made clear by indoor and
outdoor gardens and ornamental plants. Matriarchy still prevails, and the traditional
roles of men and women continue to be clearly defined, even in the youngest family
(V4). Each family age group evidenced differences in home perception and appro-
priation. Family inhabitants in V1 are the oldest, own a much greater number of
symbolic objects of memory, and follow almost unchangeable routine patterns. On
the contrary, the youngest family that inhabits V4 has more symbolic status objects
and their routines become more flexible, especially on weekends.

The interviews showed the presence of a narrative on everyday life that referred
to spaces of the house as a collective act, without an explicit reference to the environ-
mental comfort of dwellings. The families narrate their sense of place, indoor-outdoor
relationships, and routine, as a sequence of experiences of typical days and sched-
ules established for some activities (“... every day in the morning, on weekends ...”),
revealing a space-time condition of the habits of life.

The photographic information showed clear differences in the approaches between
residents who took their photos of spaces from angle-views intending to capture
everything and not the details, while those of the researchers were descriptive and
specifically focused on topics of interest (see Fig. 6).

Living together at home is a combination of different forms of communication. In
turn, household spaces transmit messages about their function, hygiene, and climate,
which inhabitants know how to interpret. The hermeneutics of the house is built
daily from the singular and collective agreement of those who inhabit it. In the
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Fig. 6 Analysis of photographs

dwellings studied, the years of stay of its inhabitants reveal a stable communication
with every corner of the house, with objects in their rightful place, walls serving to
place messages, and windows to indicate the time of day or the weather.

The analysis of results shows that the notion of comfort for inhabitants is subjective
and subordinate to habits of daily life, thus allowing the recognition of its value in
the spatiality of dwellings as a complement rather than an end. And to explain its
presence in the habits of daily domestic life events, these are described in a continuous
sequence, like a spiral where everything is related to those that precede and those
that follow (Fig. 7). The domestic day is thus understood as a unit of measurement
of daily life in its cyclical and non-repetitive condition, and comfort as an instant
of daily life, even not conscious in domestic life practices. The most relevant events
from this study are described below.

3.2.1 Getting Up and Going to Bed

At dawn, daylight activates the lying body, whose horizontal position defines a spatial
perspective where the ceiling becomes predominant, and the floor and the body’s
sense of gravity disappear. The night, with its darkness and prevailing silence, gives
way to the day, with the vertical body that advances, emphasizing values of depth,
route, perspective, and point of view, always with the head at the upper part of the
space.

This event begins and ends the daily spiral of life, rhythmed by sunlight [36],
and usually occurs in the space whose name is taken from its purpose, the bedroom,1

referring to the piece of furniture that defines and structures the space of the room, the
bed, which is currently moving from being a refuge of the most sheltered intimacy
to becoming a place for work and socializing [38, 39].

In three of the studied families, the action that opens the day is to make the bed,
open the curtains, and fresh air is allowed in, regulating the household temperature
andhumidity, both slightly higher than outside.At night before going to bed,windows
are closed again and curtains are drawn, limiting thermal regulation with the outside

1 The “habitación” in Spanish, derived from “habitar” [37], to inhabit in Spanish.
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Fig. 7 Domestic day cycle showing the relationship between daily life events and air temperature

in favor of privacy, especially in those apartments (V3 and V4) with windows to the
outside in each room.

In the four houses, the bed is moved away from the view of the street, the room
is to look at, not to be looked at, and the location of the beds is oriented toward the
door, which can be interpreted as a search for a sensation of control, security, and
protection, even if the rooms are dark and poorly ventilated. However, this condition
seems to have no relevance for the inhabitants, as in the case ofV1where the intimacy
and habits that take place inside these spaces seem to override the comfort provided
by daylighting or ventilation. It is possible that the event, getting up-lying down,
requires remote spaces of the house and the use of the outside environment mediated
by the openings is not that important.
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3.2.2 Dressing and Undressing in Spaces

In everyday life, there is a permanent dialectic between body and space. The body
that inhabitswhile it perceives, touching space [40], skins of organic and architectural
bodies are covered and discovered in an almost-erotic relationship between surfaces
of contact [41]. Thus, dressing and undressing always imply an act of intimacy of
two, where spaces and inhabitants are reflected on each other [42, 43].

The mild climate of the Aburrá Valley allows sleeping naked or barely covered
by delicate fabrics. Clothing to start and end the day is light, and the clothes worn
at home are often called comfortable, because they are associated with the thermal
regulation of the body and freedom of movement, unlike clothing to go out. Dressing
and undressing involve activities associated with both public life and themost private
of all-bodily hygiene. Inhabitants in the four houses bathe daily in the morning or
even twice on warm days, a frequent practice in the Colombian Andean tropics.

The bathroom as a space for nudity is used 15min a day on average in the studied
households. Despite being poorly ventilated and daylit, inhabitants manifested their
satisfaction with these conditions in favor of avoiding exposure to their intimacy.
Thus, dressing/undressing is associated with spatial devices such as dressing rooms
and dressing tables, where nudity expressed in the mirrors allows self-recognition,
and the relationship with water as an element of physical and spiritual purification
is permanent.

The common practice of displaying washed clothes on the facades of the apart-
ments is rejected, and many joint properties expressly prohibit it, which leads to
clothes piling up in rooms where the air required for drying cannot be moved. How-
ever, none of the inhabitants of the four houses had a problem photographing their
hanging clothes or their closet with open doors.

3.2.3 Leaving and Arriving Home

Establishing a connection between the inside and outside of the house occurs every
day. The daily act of walking through the door marks the limit between the family’s
private and social life, but leaving the house is also a daily routine action linked
to returning. The first one usually occurs in the morning. It is a premeditated and
prepared action that requires the readiness of the body that has risen. The heat of the
room is left to undress in the bathroom and then get dressed and eat before leaving
home.

The door is the binding element and the first testimony of the day, anticipating
the outside brightness and temperature. It is observed that in the two houses (V1 and
V2), the doors operate as witnesses to the outside climate, the topography, and the
time of year, configuring a different landscape in each case. The situation in the two
apartments (V3 and V4) is another story, with its doors and the collective circulation
spaces that delay the experience of reaching the street. The families in V3 and V4 are
raised high up and must go down to the street, a section that modulates the climatic
and light connection with the outside.
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The return home occurs at another climatic moment of the day, close to sunset
and darkness, presenting greater climatic variability between the bottom of the valley
and the slope. For that reason, V1, located on the western side at 250m from the
bottom, has more ventilation and daylight and a lower temperature. V2 has less
altitude from the bottom of the valley (40m), and its door is located to the west. It
has the most sunlight hours, and artificial lighting can be delayed. In the apartments
(V3 and V4), the building’s hallways are dark and artificially lit in advance of the
arrival of inhabitants. Returning home happens under much more varied conditions
than those in the morning. Leaving with daylight and returning at night are done in
very different ways for each case, additionally considering activities, age, and means
of transportation.

3.2.4 Feeding the Body and Spirit

The preparation of food activates the temperature of the kitchen and the bond of the
family, which is generated in the encounter with others, in sharing and giving, which
is also an encounter with oneself.

Feeding activates household items: household goods, tools, and surfaces, among
others, which are significant elements that reveal tastes, traditions, and roots, a reflec-
tion of individuals’ experiences in building their nuclear family. Some domestic
objects are exhibited as memories of the inhabitant’s past, they are inherited. Others
are collected, feed the spirit, and remain over time. Others are hidden, they are useful
as time goes by and help in transforming food for the body.

The four families have similar cooking routines, breakfast in themorning, between
7:00 and 8:00 a.m.; lunch at noon, between 12:00 and 2:00 p.m.; and dinner in the
evening between 6:00 and 9:00 p.m.

Breakfast is associated with hot food, temperature evaporates liquids in the cook-
ing process, altering air conditions, raising temperature and humiditywhile spreading
aromas of coffee, hot chocolate, arepa, and fruits, identified with the beginning of a
daily journey.

At lunch, there are three characteristic moments: preparation, family time, and
consumption. In V1 andV2, more time and objects are required because preparations
are often slow and traditional. The kitchen space is located at the back of the house,
an area with limited air renewal capacity. Indoor air is thus filled with smells that
whet the appetite for the moment of sharing with the family. On the other hand,
inhabitants in V3 and V4 prepare lighter meals that are only heated or have small
transformations, while lunch is usually an individual act or not done at home. These
kitchens have better ventilation that avoids the concentration of scents.

Finally, evening meals are light to benefit sleep, done individually, and often in
front of the TV.

Although the four families declare that the moment of collective meals is espe-
cially meaningful, these are increasingly unusual during a typical week. Current
morning rushes no longer allow a leisurely meeting at breakfast, lunch is in places
of study or work, and dinner occurs in the private space of the bedroom. However,
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special dates, such as birthdays, anniversaries, and Christmas, are still celebrated
with family meals, sometimes in the household dining room or outside in a restau-
rant. So, family food continues to have an important symbolic value, although more
uncommon and less domestic.

Human actions related to cooking must be analyzed from the vertical position
of the body, activating the visual-motor system that needs lighting to visualize the
surfaces where food is transformed. In this sense, although the kitchens in V3 and V4
have good daylighting, artificial lighting is still used when cooking, even during the
day, to the benefit of visual ergonomics and the detriment of energy consumption.

From the spiritual point of view, all the families interviewed profess some faith and
express it in their spiritual routines and the objects that represent them. Sacred images
(V1) andoratories (V2 andV4) are located in private placeswith silence anddarkness.
Familymemories and objects that left theirmark over time are collected and exhibited
in social spaces of homes. In V1 and V2, the collections of family photographs and
symbolic elements of memory predominate, evoking the past. Inhabitants in these
households are older, with fully formed families, while in V4, the inhabitants are
young and starting their family. Symbolic objects of status and future projection—
tech devices—predominate in this household.

4 Strengths, Limitations, and Prospects

The COVID-19 pandemic limited the study, forcing daily activities to move into
households, thereby affecting domestic life behaviors. Consequently, data is limited
and perhaps biased, and some information gathering could not be carried out in situ.

Despite limitations during this part of the study, findings already suggest future
research possibilities that allow digging into ways of inhabiting domestic space,
derived from relationships with climate and topographic configurations, thus trig-
gering phenomenological differences under family sociodemographic and housing
typologies.

The experience of collective construction with a transdisciplinary approach, inte-
grating the gaze of stakeholders and experts, as well as that of inhabitants of various
genders, ages, and social groups, fosters a break with the old-school knowledge of
comfort models (static and adaptive), opening new doors to research in contexts
with conditions other than a controlled space or a laboratory. The evidence of such
ruptures appears in the contrasting views between the researchers (analytical) and
those of the inhabitants, holistic and integrated, arising from their daily experience
of space.
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5 Conclusions

Comfort is subordinate to domestic life habits. Despite the insistence from archi-
tecture to design with bioclimatic comfort standards based on quantitative measure-
ments that define stable ideals, the inhabitants make appropriation decisions of their
spaces that contradict these principles, in favor of qualities related to psycholog-
ical or phenomenal situations of space. Inhabitants of the four houses manifested
their preference for closed, dark, and poorly ventilated spaces in favor of a sense of
intimacy and isolation.

A domestic day is configured as a space-time measurement unit of everyday life.
Current studies on comfort in domestic spaces focus on isolated activities of daily
life, without a date or specific duration. On the contrary, the registered experience is a
continuumwith no beginning or end, where both the activities and their connections,
as well as the space-time when they occur, are relevant.

Topographic configurations in the Andean tropics modify the climatic and land-
scape conditions of homes within the same territorial entity, affecting particular
aspects of domestic life habits. This unique situation has scarcely been studied in the
technical literature.

This chapter brought to light an unprecedented perspective to comfort studies of
domestic space in the Andean tropics, derived from a better understanding of the
core role played by qualitative aspects of life exposed by daily habits and physical
perceptions of space. Global South countries could be contexts for further studies.
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The Paradigm of Environmental Comfort
in the Global South: Unattainable Goal
or Design Tool?

Jorge Hernán Salazar Trujillo and Lucas Arango-Díaz

Abstract This chapter offers a reflection on how comfort is perceived in the Global
South, specifically in tropical countries, considering economic and technological
constraints. International standards do not fit well within the climatic diversity of the
places located in the equatorial zone, such as Colombia. This raises the question of
whether tropical climates do not allow comfort, or simply do not provide what others
want. The bioclimatic architecture paradigm of the last century assigned comfort the
status of goal, but in this climatic and socio-cultural context, an attempt has been
made to use it as a work tool. The calculation of the environmental performance of
spaces, empirically valued as adequate or inadequate for specific conditions, indi-
rectly provides knowledge about the typical tolerance thresholds of a place.

Keywords Environmental comfort · Bioclimatic architecture · Tropics

1 Introduction

We are all comfortable with something different.Wemay have different expectations
and preferences. Partly because of our culture, which conditions us to prefer the
socially assimilated to the foreign. Partly due to our life history, because habitual
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interaction with any stimulus normalises it and, therefore, reduces our capacity for
amazement concerning stimuli that others might consider impossible to ignore. It
is worth mentioning that our perceptions of a stimulus are linked to the immediate
spatial and temporal context [1]. No longer the life history, but the immediately
preceding instant, the immediately adjacent environment.

Our sense organs are not objective and absolute measurers as are, for example,
thermometers, lux meters or sonometers. It is easy to forget, but our perception of
the world relies on a permanent process of comparison with the temporal and spatial
environment in which a stimulus is framed. What was happening just a while ago,
determines exactly what is beautiful, dark, bright or dazzling [2]. Our preferences
are conditioned by the real context: the history of what we have recently perceived,
together with the illusory context: the campaign of prior expectations of a new stim-
ulus and the memory of previous similar experiences. The physical parameters of
our environment are certainly objective, quantifiable and–many of them–predictable,
but our reactions to these objective parameters are far from being objective. It is the
purest subjectivity, yet expressed in degrees Celsius (◦C), in Lux (lx), in Decibels
(dB). It is easy to get confused.

The progressive recognition of the relevance of the local simply confirms how
distant objective parameters are from local preferences. Over the past few decades,
the scientific discourse on thermal comfort has evolved from the “comfort range” that
weonce believed to be predeterminedby themetabolic particularities of our species to
discussions on acclimatisation, desirability, and preferences [3, 4]. A similar process
is happening in the field of visual comfort, where the physical parameters of lighting
are being complemented and enriched with “soft” magnitudes that are impossible to
measure with devices such as luxmeters and luminance meters [1].

Recognising this other dimension of every physical phenomenon is resulting in
a “softening” of the limits of comfort. At first, cautious warnings were made about
the validity ranges of a model, pointing out that the supposed comfort ranges were
valid only for specific types of persons, wearing specific types of clothing, under
specific health situations, with certain postural motions and performing particular
tasks. There were so many cautions about the circumstances that made a range of
stimuli desirable that they eventually raised questions about the appropriateness of
defining ranges with absolute numbers [5, 6].

We already know that the adaptive model of thermal comfort occasionally falls
short of addressing the thermal complexity of our environments: acclimatisation and
accommodation keep providing evidence that it is not feasible to fit all of humanity
into a single range. These two concepts, acclimatisation and accommodation, under-
stood as the product of our ability to adapt to different unpredictable conditions are
evidence of our own evolutionary capacity to modify our comfort ranges so that we
can feel comfortable in circumstanceswhere other people, under the same conditions,
would not [1, 7].

The adaptable ability refined over millions of years of evolution has been over-
looked by comfort models framed as a design target, along with user preferences
and specific design intentions outside the conventional parameters of comfort. To
enhance academic or professional productivity in work environments, it has been
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decided to place the whole burden of ensuring that thermal, lighting or acoustic con-
ditions remain as long as possible within a pre-set and typically static range on the
building [8, 9].

It is not a matter of abdicating numerical models or predictive approximations.
It is not possible to measure what does not yet exist. That is the reason why future
well-being will necessarily have to be estimated during the design phase. Although
numerical models for predicting comfort, pleasure or personal preferences will con-
tinue to be necessary, the nuance is that the condition of desirable well-being is now
a point of departure rather than an end state. Today we know that the reliability of
any comfort model is limited. Supported by all the valuable contributions of the past
decades, we are now busy trying to assess how experiential history and individual
particularities influence our environment’s assessments [10–15]. So, in the plural,
also discovered how unreliable a purportedly original recipe might be.

This chapter aims to discuss what is understood by environmental comfort in the
Global South, specifically in the intertropical belt, as well as to present amethodolog-
ical approach to address it. It is a discussion piece about methods for environmental
comfort in the Global South rather than a research report.

2 Comfort Models in the Global South

The termGlobal South refers to a groupof countries that share economic, political and
sometimes historically similar realities across the globe. Surprisingly, a classification
that does not obey geographical or climatic criteria displays so many latitudinal and
life zone co-occurrences that become evident when the classification is plotted on
a map. That wavy line in Fig. 1, which we might call the “Equator of Inequity”,
separates the globe into regions where people consume and those where they survive.

One is tempted to provide an explanation given the latitudinal coincidence with
the 30◦N parallel, but that is not the intention here. The Brandt Line, as recognised
by the International Commission on Development Issues in 1980 [16], is derived
from the analysis of economic circumstances. However, it is used here to refer to
the Global South, as the concept can be extended since it also gathers regions with
environmentally similar circumstances.

There are clear indications that the applicability of imported comfort models has
to be reviewed in this particular zone. For most sites in the Equatorial Zone, it is
frequently impossible to guarantee that a building never overheats when it comes to
air temperature. Passive architecture danceswith external environmental oscillations.
When these changes are abrupt and extreme, this severity is manifested inside in
proportion to the level of insulation that delimits it. The absence of insulation leaves
the interior space vulnerable to the climatic rigours of the exterior environment,
yet, notably, excessive insulation suppresses the very diversity that constitutes its
richness.

Applying thermal comfort models to equatorial locations reveals that these cli-
mates are frequently not “comfortable”, simply because they do not resemble what
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Fig. 1 Brandt line. Elaborated using the original image from Jovan.gec–Own work, CC BY-SA
4.0, https://commons.wikimedia.org/w/index.php?curid=48725194

others want them to be. In these cases, experience with the site and knowledge
of its climatology are often better advisors than the best comfort models. In this
highly biodiverse part of the world, it does not seem too risky to estimate that such
generalisations of human comfort do not always apply and can sometimes even be
problematic.

In the Andean tropics, for example, the abrupt altitudinal changes result inmarked
contrasts. With the diversity of climates and microclimates in this part of the world,
where Colombia and other countries are located, international standards often do
not fit well because these regions and cities are too hot, too humid, too tropical, too
poor, too unequal, too remote and inaccessible. Finally, very unique. Like any other
place on the planet, they all have their dose of uniqueness, except that in Colombia
uniqueness canmean just a few kilometres away. It is worth highlighting the problem
involved in this mismatch between the climatic and socio-cultural context: regula-
tions aimed at standardising comfort conditions can easily end up going against what
people want. The city of Medellín, for example, extends over three thermal floors,
but urban regulation instruments do not manage to reach this level of detail, and the
administrative effort required to prevent this from happening would be considerable.

While many people do not need air conditioning, many others cannot afford this
luxury. As a result, Colombia has a large population accustomed to heat or cold,
in other words, to “discomfort”. One example is enough: in the words of many
Europeans, the climate in Bogotá and the surrounding area calls for heated homes.
However, heating is rare there. Since most Colombians have become accustomed to
their surroundings, they havemoremodest expectations for the environmental perfor-
mance of their buildings. This can be explained by a largely rural and agrarian history,
of people who spend much of the day outdoors; people from excluded communities
who do not perceive the severe energy and technological shortages where they live
because they simply do not have anything to compare with. This is not an apology

https://commons.wikimedia.org/w/index.php?curid=48725194
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for poverty, but the truth is that many Colombians are still happy with the climate
and environment that surround them. They accept that every place comes with its
own climate peculiarities, but they also know that it is environmentally irresponsible
to try to change it.

This reality is identical to what is felt in other climatic and socio-cultural environ-
ments south of the Tropic of Cancer, as well as in the Global South more broadly:
Clothing and food, not heating, are the solutions to cold in Ecuador, southern Brazil,
and the entire Bolivian altiplano. In Brazil, the breeze, the beach, and lots of liquids
help to combat the heat. Numerous coastal cities, including those in the Caribbean,
have clearly marked time slots where only tourists roam the streets. Fans are more
common than central heating, and steam barriers are a constructional sophistication
even in places as cold and damp as Río de la Plata.

The truth is that the South is not the land of cheap and abundant energy. In many
places, there is not even energy or food security. However, there is abundant natural
light all year round, and fortunately for many, space is not in short supply. What
is tight by Southern standards is a large flat by European standards. Our buildings,
except for urban, industrialised, massive and high-rise housing projects, are still
generous in porches, corridors, patios, foyers, entrance halls, front gardens and a
wide repertoire of transitional spaces with no clearly designated function, which
operate as climatic buffers.

The history of the South is one of contingency. These are regions where solutions
have always been developed with the current state of affairs in mind, rather than an
idealised future. It is similar to a geographical disease: we have learned to mistrust
grandiose plans, long-term goals and major socio-cultural transformations. It seems
that the routes of the South are those of the interstice, of building and rebuilding with
what is available. The idea of a large-scale endeavour to provide lighting, thermal
comfort or any other kind of standardised comfort sounds utopian. It makes more
sense to start with a project to settle into daily life, then move toward becoming a
little bit more comfortable from there. The starting point for a continental comfort
project is our current reality, not the idealised future.

3 Methodological Proposal

For instance, rural schools in Colombia face more urgent problems than guarantee-
ing a certain percentage of Useful Daylight Illuminances (UDI) [17, 18] o Spatial
Daylight Autonomy (sDA) [19], even if there were a large number of experts in the
country capable of designing buildings based on these metrics. For this reason, rather
than predicting how long a hypothetical architectural object remains in its comfort
zone, it is more effective to characterise the environmental performance of what is
available, and then classify it as desirable or undesirable based on tolerance thresh-
olds drawn from the actual experience of living in that or a similar building, and not
based on a standard drawn from the availability of outdoor light in a geographical
location with marked seasons.
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The comfort-oriented approach leads us to accept an imported response and a
performance gamut that is assumed to work equally for all. The counter-proposal is
to identify ways to improve what exists or to build something superior to what has
regularly been built. Instead of a previously “agreed”–and thus-imposed endpoint,
it is merely a little step, a differential route. Avoiding the comfort zone as a starting
point makes it possible to incorporate into the analysis process the unfeasibility of
completely solving everything from the beginning. This translates into an alternative
methodological choice, aimed at differentiating the architectural possibilities being
considered to select the most convenient one, even if it is not the greatest possible
one.

Comfort conditions often go unnoticed precisely because they free the mind to
focus on other things. The opposite is true for discomfort thresholds when one begins
to sense that discomfort is approaching, and it is time to take action. Therefore,
instead of imposing pre-defined answers and standardised ranges, here we propose
to observe occupancy patterns in occupied and functioning buildings and places,
to observe people, and try to answer questions such as How much glare can be
tolerated? Howmany hours of overheating are permissible?What activities/postures
are common at that time of day in that place?

From this point of view, comfort is not approached from the “target” but from
its borders: the limits of tolerance, the threshold of discomfort, and the transition
where the resident is at the mercy of their resilience. Assuming that there will always
be some gaps between ideal and estimated performance, the focus of interest is not
to invest efforts in predicting comfort but to predict the performance of openings,
building envelopes, and ultimately, buildings. Working to reduce these gaps is the
way to bring building performance closer to the limit of acceptability.

Nevertheless, calculating performance is a useless task if there are no prior refer-
ence values to assess it, and this requires a lot of research still to be done. There is
a need to define the performance thresholds required to differentiate environmental
conditions as desirable/good/bad/tolerable, and for this purpose, the observation of
people and the analysis of the performance of what is already built provide valuable
elements to identify these limits. It is essential to observe the conditions under which
a user changes position, makes a complaint, leaves an enclosure, or begins to express
dissatisfaction. Obviously, these are thresholds with very local validity. They depend
on specific climatic and environmental conditions and are associated with cultural
preferences and habits, yet the fact that they are values that are difficult to generalise
does not constitute a nuisance; their strength resides therein.

The list of manifestations of discomfort is longer than the typical comfort survey.
It is therefore easier to obtain evidence of discomfort than evidence of comfort. The
metrics for this need not differ from those commonly used in architecture, what
changes is the approach to using them. For instance, identifying the use of curtains
and artificial light based on latitude is sufficient to determine glare tolerance or low
light levels [20]. Empty benches in a public space, as well as the time when they
start to be reoccupied, may be useful for estimating acceptable insolation levels in
Public Space [21]. Observing where people sit in a park allowed the identification of
the solar permeability thresholds of a tree canopy for a particular climate [22]. We
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have learned that patterns of use and occupation of space are also manifested in the
metrics and systems of representation of environmental phenomena, we just need to
concentrate on looking in that direction.

Decades ago, the computational resources for calculating metrics such as Day-
light Autonomy (DA) [23], Annual Sunlight Exposure (ASE) [19], Daylight Glare
Probability [24] and UDI were not available and yet then, the question was still the
same as today: which of the two windows is preferable in terms of lighting? One can
make the most of computational and statistical means to answer this question, but
one can also look for two similar windows, already built, and observe those who use
them. Again, an example is appropriate: there are countless school infrastructures
and in them, classrooms with windows in all possible orientations. It is enough to
look at the way the chairs are arranged at the end of the day and you can find indica-
tions of the levels of sunlight that are tolerable for that location [25]. It is very easy
to move a chair to “adjust” to a particular solar condition, but once the adjustment
has happened and the class is over, the empty chair remains as a testimony of a
satisfactory location for that time of the year.

A few years ago, we were still working without Typical Meteorological Year
(TMY) or similar concepts. Complete weather series were hard to find, and weather
stations were at airports, not in cities, but none of this prevented good projects
from being carried out at that time as well. It is important to keep in mind that
improved projects do not always result from the advancement of technological tools
for environmental analysis. Predicting comfort is a relatively recent trend now that
we have the resources to do so, but it should not be forgotten that comfort is a working
tool, not a design target.

ALow-Tech approach is timely today.Any successful architectural project aims to
foster specific occupations, certain types of activities and the retention of individuals
because when people are comfortable, they prefer to stay rather than go. Calculating
and sometimes measuring the environmental performance of enclosures, hollows or
enclosures that are proven to be suitable for a particular use and location may be
a sufficient exercise. Copying the performance of what is known to be good is the
most inexpensive way to provide knowledge about a place/culture’s performance
thresholds. It is preferable to adopt a performance parameter that has been shown
to be successful and implement it in a new project rather than replicating a form
or constructive solution. The idea can be repeated in its negative version: once the
parameter that explains an adverse condition has been identified, it is sufficient to
prevent the same parameter from occurring in a new project. We are constantly on
the lookout for comfort; thus, our surroundings are more likely to provide it than our
books. It is not ground-breaking; it is the same strategy of the vernacular: you only
copy what is good.

This alternative way of approaching comfort without the need to standardise or
attempt to measure it is an effective strategy since all performance thresholds are
experiential. They are observed in everyday reality and, therefore, the threshold of
performance for a location, a culture, a climate or a specific destination might be
determined through ethnographic research, which is often unsystematic. Jean Gehl’s
early work is inspiring in demonstrating how careful observation can yield valuable
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lessons. Reducing the relative importance of such an active research topic as comfort
may sound quite unscientific, but it is crucial to emphasise that in architecture, smart
decisions are what matter the most.

4 Final Considerations

Conducting a study to understand local comfort in the Equatorial Zone involves
major investment. Characterising what is preferred and desired in the middle of the
two tropics is an immense endeavour. In the northern hemisphere, companies and
associations interested in standardising artificial climate control paid for it, but now
that there is so much sensitivity to the issue and reasonable doubt about it, we are
very interested in not repeating the mistakes made over the Tropic of Cancer. The
other half of the earth cannot be air-conditioned artificially, but there does not seem
to be any interest in funding efforts to standardise passive air conditioning.

The pursuit of comfort does not result in comfort; rather, it encourages us to
explore the architectures that are possible in our contexts. The absence of discomfort
or the constant comfort are two equally unrealistic extremes, they are legitimate to
be used as starting points, though. Finding a representative parameter that compares
one architectural approach’s suitability to another is crucial, but for this to work, it
is critical to understand how the known adequate performances reflect in the metrics
and representation systems that are used to make decisions.

With this technique, the maximum difference between two images or two numer-
ical metrics—one indicating the performance of what is known as good and the
other reflecting the performance of the yet-to-be-built item—is always the subject
of discussion. The rationale is simple: anything with a comparable environmental
performance will likewise have a comparable representation. This task implies a cer-
tain level of familiarity with how desirability “registers” in an abstract performance
rating system.

In conclusion, uncertainty increases when thresholds and performances are both
the products of a simulation process. Thus, thresholds should be derived from real-
ity and model performances. In fact, the emphasis on thresholds is arguably more
important than the method, model or tool used to estimate performances.

5 Conclusions

Colombian buildings are not as High Tech as some people dream. Even if they are
new, we use outdated materials and technologies since industrialisation is not hap-
pening on this side of the globe. Buildings that are unique in terms of their materiality
and technology are not from this country either, and when they are imported, they are
still exceptional examples. The Northern route went through climate analysis [26],
the formulation of climate mitigation strategies [27], as well as the thermal comfort
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zone [28]. The starting points in that hemisphere were first the scarcity of energy
resources, and then an idealised but practical situation of comfort. As a result,
there is much more active architecture, a remarkable sophistication of architectural
envelopes, and strict regulations in the production and assembly processes of building
components, among others. Other results are also present: a generation that declares
itself distant from the natural environment and, therefore, individuals who are less
tolerant to the natural variability of environmental stimuli, people who are accus-
tomed to the constant, permanent circumstances of interior settings requiring higher
consumption of energy.Millions of us in the Global South have had a totally different
experience. In this part of the globe, we have been focused on minimising thermal
discomfort and, if you will, maximising the benefit derived from a design choice that
is admittedly insufficient but viable in the context of our limitations. The route that
has brought us here is a different one, and it certainly makes sense to consider that
our starting points for the production of architectural forms may be different.

The challenge of the 1960s and 1970s was to materialise this paradigm, but as
environmental evidence gradually disproves it, it is becoming increasingly obvious
that the task facing our generation is to overcome such a paradigm. The “Route of
the South” might be viewed as a journey through the management of discomfort,
concentrating on the potential for improvement of an architectural idea opposed
to inaction. Recognising the technological challenges of ensuring constant comfort
and working within the constraints of thermal, energy or lighting advancements is
more productive than attempting to implement solutions and methods from different
contexts and times.

We need other regulations, different explorations and different methodological
strategies. For instance, there are parts of Colombia that are inhabited, habitable
and magnificent but that, from the standpoint of comfort standards developed in the
North, should be abandoned. The goal is quite simple: by taking daily life as a starting
point and making a commitment to enhancing the performance of what we currently
have, we may better “accommodate” ourselves to the realities of our climate as well
as to the limitations of our economy and technology. It sounds like an invitation
to manage discomfort to adapt to the irremediable, it sounds like a renunciation of
comfort. The truth is that we unintentionally chose to start with human factors rather
than putting the comfort we couldn’t afford as a priority; that we had no resources
with which to measure, we couldn’t simulate; but still, make good design decisions.

Illustrating the practical implications of what is proposed, we suggest a course
of action that should be consolidated in the light of the ideas already presented:
technological adaptations tend to be much more fertile when transplanted horizon-
tally as changes in geographical longitude are often accompanied by minor climatic
changes. The life zones of the southern Colombian Pacific Coast (latitude 1.8, longi-
tude –78.75) and the southern coast of Singapore (latitude 1.35, longitude 103.82) are
very similar despite the large distance between them. On the contrary, technological
adaptations between locations at different latitudes are often difficult or unfeasible.
For example, vapour barriers make perfect sense in New Jersey, USA, and not in
Tumaco, Colombia, even though they are coastal locations of almost equal length.
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For this reason, academic and scientific alliances should be less centred on the
North and more focused on the left and right. Ultimately, useful solutions are more
likely to be found in contexts where problems similar to the ones to be solved are
experienced.
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Concluding Remarks and Future
Outlook

Laura Marín-Restrepo , Jesús Pulido-Arcas , and Alexis Pérez-Fargallo

Abstract This chapter comments on themain points addressed in the book, showing
how barriers can be removed and paths are drawn for future research and progress,
with a local perspective that is appropriate to the climatic and sociocultural context
of the countries in the Global South.

Keywords Environmental comfort · Global south · Tropical climates · Southern
hemisphere

1 Introduction

As was said in Chap. 1, roughly 100 years have gone by since air-conditioning
became available for the general public in The United States, and it was the 1960s
and 1970s that would see seminal studies on thermal comfort for humans started in
Denmark, with a pool of around 1300 subjects brought from Denmark, the US, and
a group of “people from the tropics” (sic). These would give rise to current thermal
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comfort standards and their inherent cultural bias, favoring inhabitants of northern
colder countries.

However, over recent decades, countries from the Global South, en masse, have
followed this imported knowledge and technology that underrepresents their pop-
ulations and is not always suited to their geography, demography, or sociocultural
background. Sometimes, this has evenmeant ignoring their own cultural background
and traditional building knowledge, which to some extent, already addressed these
issues.

The successive turning points in our recent history, such as the oil crisis in 1973,
and climate change in recent years, have always brought uncertainty at first, and then
a strong will to overcome difficulties by exchanging scientific knowledge across
countries. It is not only the authors’ belief, but also their certainty, that countries in
the Global South are now in the position to take the lead and raise their voices to
show that it is only through common efforts that we can make our buildings more
sustainable, more comfortable, and more resilient.

In this vein, this book showcases a variety of perspectives from different countries
in the Global South for environmental comfort inside buildings. The authors’ contri-
butionsmake it clear that, in aworld facing crucial challenges, such as climate change
and energy shortages, these countries, which legitimately aspire to improve their liv-
ing standards, can no longer rely on imported technology and scientific knowledge
from the so-called developed countries, but rather they should find their own ways of
doing things, based on concepts such as sustainability, resilience, self-management,
and a culturally conscious perspective.

This chapter summarizes the main findings, from a global perspective, and con-
cludes with some remarks to summarize this book.

2 Removing Barriers to Environmental Comfort
in the Global South

Climatic conditions in the Global South and even within countries include great
diversity. Deserts, coasts, mountains, forests, jungles, and paramos, etc., sometimes
even conditions unknown to people in the Global North, such as large cities located
at high altitudes in the mountains, almost constant temperatures throughout the year,
the sun at the zenith, and no seasons in the tropics. Research on thermal comfort,
addressed in Part I, to remove the “barrier” of specific climatic conditions, different
from how comfort has traditionally been studied and where the established models
came from, explores climate-conscious solutions.

The chapters show how buildings can effectively become a third skin for humans
and modulate local climate variations to a point where indoor comfort conditions
are, albeit not ideal, still acceptable. The interaction between occupants and build-
ings becomes the cornerstone of understanding this approach and includes the
use of local materials, adaptive comfort standards, passive design techniques, and
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bioclimatic strategies. These chapters have shown that it is more than evident that
current thermal comfort standards do not represent the conditions and needs of people
in these countries.

At the same time, they provide insights on how these standards can be amended
and improved to consider aspects traditionally disregarded in the theory of thermal
comfort: the role of ventilation and relative humidity, occupants’ satisfaction with
tailored comfort standards, and the role of passive design. In this sense, the chapters
also highlight solutions that are not only local but also low-cost. In these contexts,
major technological interventions or automation are often not only unfeasible but
unnecessary.

Building on this, to face the challenge of lack of knowledge on behalf of built
environment practitioners who may consider comfort is achieved after construction,
that there are no suitable strategies for the Global South, that they are expensive, that
there are no design tools, or they do not apply to their contexts, Part II explored the
forever controversial aspects of design, between architectural design and building
engineering. Strategies for layout and building design, considering occupant satisfac-
tion and thermal comfort, are explored and discussed. It is acknowledged that there
are challenges around the implementation of such initiatives, needing the creation of
mechanisms to ensure adequate knowledge transfer to policies and legislation, and
improving the competencies of practitioners and institutional legal frameworks.

Addressing the barrier that, in some contexts, it may not be possible tomeet indoor
thermal comfort standards, without large amounts of energy, a change of approach
is suggested: taking advantage of the adaptive behavior of occupants to achieve their
comfort. Flexibility and personal adaptation are key.

This also answers the housing deficit challenge, by seeking comfortable but afford-
able buildings that reduce energy poverty or energy dependence. In this sense, the
availability of tools that help designers to incorporate passive design strategies in
the early stages of projects, where the decisions made can have the greatest impact,
is crucial. For this reason, existing tools are discussed, and new tools are proposed
with a local twist. A variety of local solutions applied in the early design stages of
buildings provide a hands-on guide, useful not just for experts but also for readers
with little practical experience in bioclimatic design.

Regarding Indoor Air Quality, it has been identified that there is a lack of under-
standing about the problems caused by poor air quality. This is aggravated by a
prevalence of fuel poverty. Currently, there is little or no regulation in many Latin
American countries and the Global South to ensure acceptable IAQ in new and exist-
ing buildings, even when poor IAQ has an unavoidable impact on government health
care, social care, and social security spending.

On the other hand, in south-cold climates, there is a widespread use of heating
with fuels and systems with high indoor pollutant emissions. In addition, the lack
of airtightness associated with self-construction, low standards, and generally low
construction quality allows pollutants to enter from outside. All-in-all, the need for
IAQ regulation is acknowledged, whose implementation requires public and private
investment, awareness campaigns, stakeholder agreements, legislation, verification,
and control processes, requiring, in essence, a political commitment.
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To overcome these barriers, Part III described how contaminants might be con-
trolled and regulated to minimize their impact on a population’s health and well-
being. It also presents a low-cost, responsive air-renewal system considering the
increasing need for indoor air quality control, particularly in hot countries.

Visual comfort and daylight also have an important place in this book, considering
that the amount and quality of available solar radiation radically differ depending on
the latitude and climate considered. To meet the challenge that standardized metrics
are based on the preferences of building users from the Global North and that visual
comfort perception depends on the availability of light, local metrics and passive
strategies for daylight are analyzed and proposed, and the circadian stimulus on
spaces which rely only on artificial lighting is explored. Part IV presents evidence
from these studies highlighting the importance of finding a balance between a human-
centered design and the need for reducing energy consumption in buildings, showing
that when considering daylight metrics, designers should consider the particularities
of the place and adapt the thresholds and metrics, for instance, adapting them for the
tropics, as has been mentioned in one of the chapters.

The book also shows the need for residential and educational environments with
good acoustical quality, which is an aspect usually disregarded in an integrated
design, and the least addressed factor of environmental comfort. To remove the barrier
to noise pollution and the need for indoor spaces that protect people and guarantee
sound quality, Part V proposed design strategies and discussed acoustic regulations.
Apart from this, high-density, multi-residential buildings, exposed to different noise
levels but where ventilation is also a priority, could prevent sleep disturbance by
integrating design strategies for noise control and acoustic comfort. Meanwhile, a
careful choice of materials and finishings is deemed necessary to improve the acous-
tical quality of interior spaces. It is also highlighted that how new learning methods
may clash with the regulatory framework for educational establishments, therefore
showing the need for a careful design for future educational spaces.

Part VI focuses the effort towards showing the progress of research on energy use
and energy efficiency in the Global South. The chapters in this section address the
barrier to studying energy use in contexts where in most cases, the problem is not
the energy consumption itself but a lack of comfort and resources to cover energy
consumption. In this sense, finding a balance between comfort and energy is also
highlighted as a challenge. These contributions adopt a human-centered approach,
based on the interaction between users and buildings through the adaptive comfort
models, aligned with a pressing issue such as climate change. The main conclusion
from these contributions is that energy efficiency not only pertains to the technical
aspects of a building but also its occupants’ sociocultural context. Moreover, this
aspect is crucial in mild warm climates where thermal adaptation can bring sub-
stantial energy savings without the need for economic investment. Furthermore, it is
proposed that in some scenarios, energy use may not be an adequate metric for build-
ing performance, but the users’ time in comfort would be a better fit. On the other
hand, the high-rise re-densification that is taking place in many cities in the Global
South is creating new barriers, related to a lack of solar access, increasing lighting
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demand, and energy costs, potentially affecting well-being, and further worsening
energy poverty.

In this sense, the findings in these chapters serve as a key input to the development
of new energy policies that should involve comfort and economic indicators rather
than only energy use. The inclusion of local use profiles would also help for a better
definition of thresholds and to reduce the performance gap. In this sense, residential
heating use profiles in Central-Southern Chile have been included in Part VI. Local
constructive solutions to optimize thermal comfort and energy efficiency in low-
income housing are also proposed, as well as a multi-objective optimization tool that
could be replicated in other contexts to select design strategies.

The last part of the book, Part VII, includes a series of reflections and gives hints
at the path that countries from the Global South may follow in the future, to respond
to one of the biggest barriers: the lack of a definition and approach to environmental
comfort. These contributions highlight the importance of the relationship between
architecture, culture, and place to develop energy tools and comfort models specifi-
cally adapted to the sociocultural background of these countries. Rather than relying
on importedmodels and scientific knowledge, or trying to achieve unachievable stan-
dards from other contexts, these countries should strive to develop a locally brewed
scientific ecosystem. The final goal should be, in this way, to find their own way
of improving comfort standards and abating energy consumption in a sustainable
and resilient way. Namely, relying on local knowledge and resources while being
sensitive to the local culture and socioeconomic background.

As a final conclusion, in a time of uncertainty, when climate change and the
scarcity and affordability of energy are challenging our beliefs about the role of
architecture, scientific knowledge can reassure us that there is a way to design, build,
and operate buildings that can provide us with acceptable levels of comfort while
not being a burden to the natural environment. This book has shown that countries
in the Global South have amassed a solid body of scientific knowledge to start
making their own reflections about the true meaning of environmental comfort. It
is our sincerest hope that the contributions in this book can help to open the path
to exchange information between countries, to identify new references and common
work, and to walk together towards a future of common prosperity in harmony with
the environment.
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