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ABSTRACT

SMALL-SCALE GREEN INFRASTRUCTURE:

THE ENVIRONMENTAL IMPACTS WITHIN A CONTEXT OF TROPICAL MEGACITIES, WITH A FOCUS ON SAO PAULO’S
PUBLIC SCHOOLS

JOAO PEDRO MATOS DA SILVA

Various typologies of greenery and green environments are part of people’s everyday landscape almost every-
where in the world. Even if on different scales and degrees, most humans enjoy and seek some type of contact with
greenery, and its importance has been the focus of research for many years. The beneficial impact of large bodies of
vegetation, such as the Amazonian Forest, on the world’s health and existence is globally discussed, and evidence has
been gathered by the scientific community. In the environmental design field, green elements are a recurring topic,
intrinsically associated with our work. Nevertheless, the knowledge of the favourable outcomes of having vegetation
around people, often allowed for it to be introduced into urban environments without scrutiny or evaluation. The
small-scale vegetation allocation within cities, in particular denser ones, should overall be praised. However, there isn’t
an expressive number of studies dedicated to investigating and calculating in depth its positive and perhaps negative
repercussions, mainly regarding pollutant particles such as PM2.5 and PM10. Furthermore, in dense urban settle-
ments, air pollution and other environmental risks represent one of the most significant risks to human health, with

children and adolescents being heavily affected.

This doctoral research delves into a reasonably novel area of study, exploring the impacts of greenery as an infra-
structure of a dense city on reduced-scale applications (Small-scale Green Infrastructure — SGls). The study is set within
a specific microclimatic and urban context, with a focus on tropical megacities using Sao Paulo as a prime example.
With a specific focus on children’s health, this research analyses the relationship between architectural elements and
small-scale green infrastructure (SGI) within school environments. The aim is to define the most beneficial combina-
tion of the green and built elements mentioned before for their health and comfort. The methodology of this doctoral
research is based on a multicriteria evaluation that encompasses three main subjects: health, comfort, and well-being.
The study of these themes as performance indicators of the architecture and greenery relationship is crucial for pro-

viding support to decision-makers within the public school’s context of Sao Paulo.

The outcomes of this research have direct implications for the design and management of public schools in Sao
Paulo. The importance of air movement to enhance air quality and shading to enhance thermal comfort is emphasized.
The cluster of trees is confirmed as the best SGI for human comfort while being the worst regarding pollutant particle
concentration. However, it is also shown that the crowns of the trees are the main issue, highlighting the importance
of having taller ones. The living walls are the best-performing vegetation element regarding air pollution, while also
enhancing thermal comfort. Additionally, solid boundary walls protecting the site from pollutant sources are shown
to be essential in reducing pollution in an area with various types of vegetation. The research also demonstrates how
weather conditions can impact air quality. Finally, the guidelines for public schools in Sao Paulo are drafted, defining
the best types of vegetation to be used within the open areas. The best morphological organization of those elements

are also suggested as policies to be applied in the state.
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1. INTRODUCTION

In dense urban settlements, air pollution represents one of the most significant risks to human health, and chil-
dren’s vulnerability to it can be even higher. For example, in 2016, WHO declared that more than one in every four
deaths of children under five is directly or indirectly related to air pollution (World Health Organization, 2016). WHO
also states that since 2022, globally, 442,000 children under five years old have died prematurely from air pollution
exposure (World Health Organization, 2024). More specifically, concerning the school environments, the Landscape
Institute (2013) indicated the importance of connecting children with nature (greenery) within the school grounds for
cities’ sustainable development. Moreover, the mentioned air quality deterioration and the start of an environmental
movement caused, mainly in the past decade, pressure on companies to have better performance regarding sustain-
ability (Netto et al., 2020 and Szabo and Webster, 2021). However, to address those concerns, many companies apply
strategies that appeal to ecological consciousness without having environmental conduct, which is considered green-
washing. (Szabo and Webster, 2021). One aspect of greenwashing is the indiscriminate recommendation of vegetation
use within urban environments without a proper understanding of the specific impacts that implementing those ele-

ments would cause.

This research is interested in producing design guidelines derived from the research on the effects of natural ele-
ments inserted in the context of schools in urban environments. The mentioned natural elements compose the small-
scale green infrastructure (SGI), a concept that is explained in depth in Chapter 02. Naturally, the insertion or with-
drawal of SGI components into the urban design will culminate in multidisciplinary repercussions. In other words, the
impacts are always complex and multiple and require analysis that considers more than one criterion. Thus, this work
explores two main aspects of human responses to the environment (comfort and physical health), which are studied
through different performance indicators. Accordingly, this doctoral research is a multicriteria evaluation, so it could
be feasible and still provide a meaningful contribution to knowledge. Considering more than one criterion at once is a
slightly different approach to academic research, which traditionally looks at one problem at a time. However, Sanesi
et al. (2006) mentioned that future studies should blend different methodologies and approaches, especially if the
purpose is to support urban planners and other decision-makers in their works. Kiker et al. (2005) also defended using
the Multicriteria Decision Approach (MCDA). They declared that environmental decision-making is often complicated
and requires a combination of both quantitative and qualitative methodologies within scientific studies. Thus, a multi-
faceted analysis is contemplated in this work, allowing for identifying overlaps and synergy between the subjects. The
mentioned approach enhances the understanding of the effects of SGI elements, which is necessary to establish the

design guidelines.

20



1.1. KNOWLEDGE GAPS

Previous studies have explored the potential greenery components in urban environments to modify pollutant
dispersion and removal (Abhijith et al., 2017; Al-dabbousand Kumar, 2014; Barwise and Kumar, 2019; Gromke, Jamar-
kattel and Ruck, 2016; Gromke and Ruck, 2007; Nowak et al., 2013). However, some studies also indicated that more
research was needed on the subject. For example, Cameron et al. (2012) established that more research is needed to
determine which types of trees would benefit which building typologies and to understand other specific require-
ments for each scenario. Salmond et al. (2016) affirmed that the impact on climate and human health through the
local scale study of trees on the street doesn’t happen as in-depth as the study of urban scale effects of greenery. Sal-
mond et al. (2016) also state that a local-scale approach can produce a much more precise result for the intervention
studied. Barwise and Kumar (2019) defined that green infrastructures could be used to reduce pollutant concentra-
tions; however, the typology and characteristics of the green barrier remain unclear. Regarding the discussion about
the morphology of the vegetation, Abhijith et al. (2017) studies have shown that trees led to air quality deterioration
while hedges improved air quality. The same study observed the need to express and standardise the vegetation den-

sity when the aim is to remove air pollutants.

This doctoral research studies the Small Scale Green Infrastructure (SGI) within reduced and contained urban en-
vironments. It investigates the relationship between the architectural elements and SGI components within school en-
vironments. The literature doesn’t show such a study of the combined performances of individual architectural and
natural elements. Such a study is crucial to determine the thermal and air quality conditions on a human scale instead
of an urban scale, which is commonly seen when Green Infrastructure impacts are examined. Thus, this research fills
this knowledge gap by focusing on the separate effects of trees, hedges, living walls and grass when placed close to
cobogos, glazed windows, and vertical and horizontal shading elements. The main aim was to define the combina-
tions that best benefit children’s health and comfort. Following the analysis of several pieces of research, Borna and
Schiano-Phan (2020) expressed that further work was needed to “determine the exact effectiveness of vegetation
in urban spaces throughout the year (summer and winter scenarios). The air quality-vegetation relationship and
studies on the variation of the results throughout a typical year lack in-depth information. Thus, this work explores
that gap through digital experiments conducted in Sao Paulo for a period that encompasses summer to winter. More-
over, Roy, Byrne, and Pickering (2013) stated that from 33 analysed articles that investigated environmental impacts
caused by urban trees, only 21.7% used a fieldwork-based methodology. Thus, this research utilises field and analyt-

ical exercises to build its methodology and achieve real-life evidence-based outcomes.
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1.2. RESEARCH OBJECTIVES

¢ Explore the impacts of small-scale green infrastructure (SGI) in school environments in tropical climates on users’
comfort and physical health.

* Investigate the impact of different SGI components’ typologies, arrangements, and amounts of vegetation in the
context of their integration within schools™ architecture.

» Develop design guidelines for the public school building typology using small green infrastructure (SGI) compo-
nents that could be replicated in other urban contexts of the subtropical megacity of Sao Paulo.

¢ Propose generic design guidelines that can be suggested to schools within the state and other cities with similar
climatic conditions and morphological characteristics.

1.3. RESEARCH QUESTIONS

¢ Can small green infrastructure within a school’s environment in a tropical megacity improve users’ comfort and
health?

¢ What design guidelines and solutions can be proposed for schools in Sao Paulo to improve their environmental
performance?

¢ Can design guidelines for one studied School be replicated in other contexts with similar climatic and morpholog-
ical conditions within the same building typology?

1.4. STRUCTURE AND METHODOLOGY

1.4.1. INTRODUCTION

This doctoral research presents an overall approach reflecting applied research (with a pragmatic focus), followed
by qualitative studies on social sciences and quantitative analysis. Quantitative studies are built from an evidence-based
approach to design research (not from a statistical perspective). As section 1.1 (Knowledge gaps) mentions, this work
bases its quantitative research on field and analytical work on two main foundations. Hence, within Sao Paulo, this
research’s city of interest, a school case is established as the environment for field exercises. The information, char-
acteristics and reasoning for the case study selection are presented in Chapters 03 and 04. Following its selection and
the permissions obtained, the school EMEF Amorim Lima is where field and analytical works are developed and are
discussed in chapters 04 and 05 of this thesis. Furthermore, an analytical exercise is developed to guarantee the de-
velopment of guidelines that can be applied to school buildings with similar climatic conditions. The mentioned study
represents the main data outcome of this doctoral work and is called “The Environmental Performance Matrix” (Chap-
ter 06). It examines the local impacts of the small green infrastructure when combined with architectural elements
commonly found in Sao Paulo’s public schools. As mentioned in the introduction, this thesis ends with forming design

guidelines that can be applied to outdoor areas of Sao Paulos public schools. The guidelines are discussed in the Appli-
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cability Study section (Chapter 07), where the “best practices” concerning location and choice of SGI components are

established.

1.4.2. SMALL SCALE GREEN INFRASTRUCTURE

The Literature review produced throughout this work is spread into the different chapters of this thesis. Yet, Chap-
ter 02 is entirely based on existing literature examined to establish the meaning of this research’s main concepts and
justify two of its study focuses, SGI components and Sao Paulo. This body of work explores the characteristics of the
City of Sao Paulo, always as an allusion to similar cities. It also discusses the characteristics of global megacities, fo-
cusing on tropical ones. The air quality conditions, as well as other climatic and microclimatic aspects, are illustrated.
The studied material shows the relevance of producing research on how to tackle these cities’ current environmental
issues. Moreover, the chapter discusses the idea of nature within urban environments and then defines small-scale
green infrastructure (SGI) and what composes it. The definition of the mentioned concept, which bears this research
title, is built through literature and previous examples. The intention is that whenever the term is mentioned, readers
can instantly connect it to the specific vegetation arrangement. Afterwards, the Literature explores the effectiveness of
using SGI and its elements to tackle air pollution, the heat island effect, and physical health issues, demonstrating its
importance in the current global context. The chapter also demonstrates pieces of evidence developed regarding the

mentioned performance indicators.

1.4.3. PUBLIC SCHOOLS IN SAO PAULO

Chapter 03 is also heavily based on a literature review and is dedicated to justifying the focus of this research on
Public Schools. Hence, it illustrates the threats children and young adolescents can suffer in dense urban environments
and the relevance of the school environment to avoid that. The importance of SGI components in the mentioned space
is also discussed. This section also focuses on the main issues that poor air quality can cause in the development of
the younger population. Still, the reviewed literature also reflects on the impact of warmer thermal conditions on their
behaviour and performance in school and daily activities. The chapter then moves into a review of the Sao Paulo state
public school system and architecture. The organisation of the learning system in the state and the departments that
design and administer the schools are briefly discussed. Additionally, it showcases and reviews the buildings’ possi-
ble environmental design performance based on their design patterns. The review also identifies the most common
architectural components, which are further studied in the main analytical exercise (Chapter 06). The chapter is the

theoretical foundation for choosing this research’s case study. .

1.4.4. CASE STUDY - FIELDWORK

Chapter 04 presents and discusses the characteristics of EMEF Amorim Lima and justifies its selection. EMEF stands
for “Escola Municipal de Ensino Fundamental, “ meaning municipal high school. According to Sao Paulo’s state rules,
the EMEFs are children and teenagers of people aged six to fifteen years. The city has numerous municipal schools;
however, Amorim Lima was chosen mainly due to its location, size, and dense SGI occupying the outdoor area. Many
EMEFs are located in less dense areas farther from the city centre and in massive sites with little urban surroundings.
On the other hand, Amorim Lima is located close to densely populated areas with residential and commercial buildings
surrounding the site. The school area is also connected to a hectic avenue with many people and vehicles daily. The

chapter also defines the indoor and outdoor spots that are further studied. The spots are discussed individually, with
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each area’s overall environmental performance perception. The fieldwork is conducted through spot measurements
and is divided into two main exercises: microclimatic and air quality measurements. The microclimatic field study
measures dry bulb temperature (DBT), humidity, mean radiant temperature (MRT) and wind speeds to indicate the
thermal comfort within the site. The second batch of field measurements is of PM2.5 and PM10 concentrations. The
health and comfort parameters mentioned showcase the school’s “point in time” environmental performance. Finally,
the exercises are conducted using methods observed in previous works which conducted field analysis, as discussed in

more detail in the chapter.

1.4.5. CASE STUDY — ANALYTICAL WORK

Chapter 05 comprises the analytical exercises conducted for EMEF Amorim Lima. It also displays a literature review
justifying the uses of each software selected for this work. The review exemplifies the software’s use by other research-
ers who study the environmental performance of buildings and outdoor spaces. Moreover, previously used thermal
comfort benchmarks and air quality indexes are also presented and discussed. The analytical exercises are divided into
two main exercises: the building and the outdoors. The first study, concerning the main building and its fagcade design,
is achieved through understanding solar geometry in the site and the annual solar radiation accumulated on the fa-
cades. The outdoor analysis is conducted through outdoor comfort software called ENVI-met, which provides thermal
comfort perception, wind speeds, humidity, DBT, and surface temperature at the modelled site, considering the exist-
ing vegetation, focusing on summer and winter periods of the year. The software used to carry out this body of work
is explained in detail, and literature demonstrating their previous uses is discussed in the chapter. As the ENVI-met is
the essential digital tool for this thesis, literature has also been reviewed to illustrate how it works and its robustness.
Finally, This body of work validates the field results while expanding the understanding of EMEF Amorim Limas’ space
throughout the year. The field and analytical works produce a holistic perspective of the schools’ performance, focus-

ing on the relationship between the small-scale green infrastructure and architectural elements

1.4.6. THE ENVIRONMENTAL PERFORMANCE MATRIX

After studying the city’s public school architecture combined with the thorough analysis of EMEF Amorim Lima,
facade treatments seen repeatedly as imperative elements of its architecture are selected to be studied in depth in
Chapter 06. The chapter also discusses and identifies the SGI components of interest within the context of Sao Paulo’s
state and the public school to define the ones that are further studied. The mentioned selection of green and built
elements is oriented by the outcomes of Chapters 04 and 05 (Case Study), but also from the knowledge acquired in
Chapter 03, through the review of existent schools. Subsequently, the research structures a combination of each of the
selected greenery and built elements, forming the environmental performance matrix. The location (orientation) of
the architectural elements and SGI typologies are altered in the study, forming each scenario. The matrix informs the
ten simplified scenarios that have lately been simulated and were built as a generic representation of school environ-
ments. The analytical exercises in this chapter are conducted using the ENVI-met software, which has its characteristics
discussed in Chapter 05, where it’s used for the first time in this thesis. This section focuses on the DBT, humidity, air
movement speeds, and indoor DBT results, indicating thermal comfort perception within the site. However, the main
performance indicator is Psychological Equivalent Temperatures (PET) in the outdoor area. Concerning air quality, the
terrain’s PM2.5 and PM10 concentrations are studied. This body of work also focuses on the weighted average calcu-
lation of the results within the terrain boundaries to simplify comparing the studied scenarios. The weighted average

is explained in-depth in the chapter. Furthermore, after analysing the first batch of simulations, a second exercise is
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conducted to answer the main questions and hypotheses that have been raised. The final simulations are discussed,

and the mentioned questions are answered, which closes this chapter.

1.4.8. APPLICABILITY STUDIES

The results from Chapter 06 inform this thesis’s final chapter before its conclusion (Chapter 08). This section dis-
plays and discusses a set of guidelines constructed with the knowledge built in this doctoral research. The mentioned
guidelines discuss “best practices” that could be followed when choosing SGI components to be used in schools’ open
areas to enhance air quality and thermal comfort. Generically, the advice is fit to be used in the city and state of Sao
Paulo, in addition to any other city in similar microclimatic conditions. Yet, it is recommended that each case has its
own evidence-based research when possible. Furthermore, this chapter has as one of its methods to validate the
guidelines their presentation and discussion with an interest group composed of Brazilian architects directly connected
to the design of public schools in the state. The architects are also contacted in the initial stage of this thesis and are
essential for the choice of EMEF Amotim Lima as the case study. Their input brings this research closer to the reality of
its study context, endorsing its value to be applied in the future. Another method is to demonstrate how SGI compo-
nents that are already documented and indicated for use in the schools by the government in Sao Paulo could be best
applied, creating a classification between the trees’ species. The final method of this chapter is the applicability study.
The exercise exemplifies how the presented guidelines could be implemented in existing schools in the state. The aim
is to indicate to architects and policymakers how this research’s main findings could change the open areas and even

fagcade design when needed.
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2. SMALL SCALE GREEN
INFRASTRUCTURE

WITHIN SAO PAULO’S CONTEXT

2.1. INTRODUCTION

This chapter introduces the context of this research’s application and explains the criteria for choosing Sao
Paulo as a representative tropical megacity. The choice was based on recurrent and common environmental issues
related to morphology, density, and microclimate. A definition of Small Green Infrastructure (SGI) is given, including
the word’s origin, and examples of SGI based on recurrent characteristics and use are provided. Finally, the crucial role

that SGI has on air quality and outdoor thermal comfort is described.
2.2. MEGACITIES IN A TROPICAL CLIMATE

2.2.1. OVERVIEW

According to the UN, in 2012, there were already 23 cities worldwide with a population of 10 million or greater (UN
2012, as cited by Baklanov, Molina, and Glauss 2016). These cities, most of which are in poor and developing countries,
are characterised by high levels of air pollution. According to Molina and Molina (2012, as cited by Baklanov, Molina,
and Glauss 2016) and Folberth et al. (2015), megacities are urban agglomerations with a population that exceeds
10 million inhabitants. It is also established that despite covering less than 2% of the earth’s surface, megacities are
home to approximately 10% of the entire global population. In 2012, the UN estimated that in 2025, Asia would have
gained another nine, Latin America two, and Africa, Europe, and Northern America one each” (UN 2012, as cited by
Baklanov, Molina, and Glauss, 2016). This global significance of megacities underscores the relevance of understanding
and addressing their environmental challenges. Furthermore, the phenomenon of migration from rural areas to highly
developed urban areas has occurred globally, with a significant impact in emerging countries. Many factors motivate
migration to urban centres, such as conflicts, land degradation, and the exhaustion of natural resources. However, it
is the rapid population growth that is the largest factor contributing to cities’ urbanisation, especially in developing
countries (Montgomery, 2008). According to a 2022 UN report, Latin America has four of the world’s largest megacities,
two of which are in Brazil: Sao Paulo and Rio de Janeiro. The mentioned megacities have 17% of Latin America’s urban
population. Additionally, the report indicates that 51% of the population living in urban areas of Asia and the Pacific
is equal to 54% of the world’s urban population (UN-Habitat, 2022). The Indian megacities have approximately 20%
of the world’s megacities’ population, with a projection to increase. In 2030, New Delhi is expected to become the
largest one in the world (Molina et al., 2020). Additionally, Zheng et al. (2015) establish that particulate matter (PM)
concentration levels in Asian and South American megacities drastically exceed those in North American and European

ones. Moreover, literature has shown that some megacities, for example, London and Los Angeles, have implemented
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management plans and have more financial resources than those in poor developing countries to enhance air quality
(Baklanov, Molina, and Glauss, 2016). This highlights the urgency of analysing megacities of the developing world, pre-

dominantly cities with tropical and subtropical climatic conditions.

2.2.2. ENVIRONMENTAL IMPACTS

As previously mentioned, Megacities are essential socio-economic hubs that strongly affect the world’s environmen-
tal conditions. Indian cities are an example of the severe impacts of air pollution from biomass burning and increased
demands for transportation, energy and other sources (Molina et al., 2020). Also, during the COVID-19 pandemic, a
study of the Indian megacities registered a significant reduction in the cities’ pollutant concentrations (Prakash et al.,
2021). Molina et al. (2020) stated that air pollutants are transported between states and even across international
borders, highlighting that megacities’ local sources of emission cause issues beyond their bounds. Consequently, the
emissions also severely impact Global climate change, affecting thermal comfort inside urban environments. Folberth
et al. (2015) established the relationship between the activities conducted within megacities and the composition al-
teration of the atmosphere and the climate through gases and aerosol emissions. They also comment on the extreme
level of emitted carbon dioxide from megacities under current circumstances and future conditions. The study states
that if emissions from 2005 to 2015 are maintained (no decrease or increase) over the next 100 years, megacities will
be responsible for 25% of the world’s global warming since the pre-industrial era. Furthermore, concerning direct
micro-climatic and climatic environmental impacts throughout the years, Luke Howard first documented temperature
differences between urban and rural areas in London in the early 19th century (Parry and Chandler, 1966). Afterwards,
several other studies have spotted a heat increase pattern caused by urban development when compared to rural
areas. (Hua, Ma and Guo, 2008). With the increase of studies and consequent discussions related to heat pattern com-
parisons between urban and rural environments, the term “Urban heat island” (UHI) was soon created and became
widespread worldwide. The UHI phenomenon, as we presently know it, was first proposed in 1958 by Manley (Manley
G, 1958, as cited by Zhang, Wu, and Chen, 2010). It is then repeated and further studied in numerous pieces of research
in diverse cities (Montavez, Rodriguez, and Jiménez, 2000; Lopes et al., 2013). Megacities are predominant environ-
ments that commonly display the UHI effects, underscoring the negative impacts it generates. For example, according
to the World Urbanization Prospects (2003, as cited by Memon, Leung and Liu, 2009), “48% of the world population
are living in urban areas which are directly exposed to urban heating problems, with no perspective of enhancement
due to the constant growth of urban population”. The issue repeats itself in the case of tropical/subtropical megacities.
Hong Kong, for example, suffers from the extreme Urban Heat Island effect with an intensity ranging from 2°C to 4°C
throughout the year (Siu and Hart, 2013). Finally, it is essential to state that UHI is considered, to some extent, a cause
of health issues (Chan et al., 2018). Additionally, a study indicated that when there was a 1°C in dry bulb temperatures
in a context already above 28°C, there was a 2% increase in heat-related human mortality (Lin et al., 2017). The studies
above help illustrate the role of this typology of urban settlements in modifying essential atmospheric and thermal

characteristics worldwide, directly impacting human comfort and health..
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2.3. SAO PAULO

2.3.1. CONTEXT AND CHARACTERISTICS

linterest in the city of Sao Paulo, the largest in Latin America, and consequently in the state is derived from the
attraction towards Brazil. In 1985, Lombardo described the country as one of the most urbanised compared to other
developing ones. They add that even smaller cities in Brazil suffer from urbanisation processes without proper care
of land organisation. The country’s context briefly mentioned naturally corresponds to the context of Sdo Paulo. The
city has also been through a strong urbanisation process, lacking proper planning. Its enrichment and the strong urban
process started during the coffee cycle era, was extended to the entire country, and has expanded until now (Lima
and Rueda, 2018). The territory of the Sdo Paulo metropolitan area in the state of Sdo Paulo (Brazil) is composed of
174 municipalities, five metropolitan regions, two urban agglomerations, and about 33,652,991 residents (Milz and
Jacobi, 2019, as cited in Torres and Jacobi, 2020). The metropolitan area has 21 million inhabitants, constituting 11% of
Brazil’s population (UN, 2014; City Population, 2016; IBGE, 2016). Its population is one of the world’s fastest-growing
metropolitan ones, and it is the largest city within the entire Southern Hemisphere and considered one of the largest
conurbations in the world (Schneider, Leite and Minkel, 2024). Today’s estimated population is 22,806,704, projected
at 24,490,136 in 2035 (World Population Review, 2024). It is constantly growing not only in inhabitants but also in the
number of vehicles, with a fleet growth of 76% from 2001 to 2012; in 2014, it reached over 11 million cars (Andrade
et al., 2017). Moreover, researchers and managers from different fields of knowledge are increasingly interested in the
city (Milz and Jacobi, 2019, as cited in Torres and Jacobi, 2020). Sao Paulo’s fast urban growth caused heterogeneity in
its urban structure, which became one of its main characteristics, consequently causing a non-uniform distribution of
greenery (Lima and Rueda, 2018). The growth has also created patterns similar to those of other Latin American cities,
all characterised by extreme discrepancies in social, economic, and health status (Jacobi, 1997, as cited by McKay and
Parker, 2018).

Sdo Paulo is considered a subtropical city, with warm, humid summers and dry, cold winters. Temperatures can
drop to 0°C in winter and rise to over 30°C in summer (INMET, 2016). The city is at latitude 23224°S, with altitudes
between 720m and 850m above sea level, and is 60 km away from the sea. Duarte and Goncalves (2006) indicate the
complexity and heterogeneity of areas within Sao Paulo’s urban climate. They also comment on how the city’s met-
ropolitan area has locations with urban heat island effects showing a 10 °C DBT difference compared to other areas
within days of calmer air movement. Overall, Sao Paulo is a city with abundant rainfall, an average of 1,422mm per
year, mainly from October to March. It is a frequent smog phenomenon, where humidity and air pollution combine to
form a mist seen in the city’s sky. The coldest month is in July, with a temperature average of 14°C. The hottest month
is February, which has a 21°C average (Schneider and Leite, 2018). The projections for 2040 indicate that there will be
a 5% to 10% increase in rainfall and a 0.5°C to 1°C increase in dry bulb temperatures (DBT), increasing environmental

impacts and decreasing the city’s capacity to recover from impacts (Di Giulio et al., 2018).
2.3.2. ENVIRONMENTAL ISSUES

As would be expected from a city of this magnitude, with the rapid growth previously described, Sao Paulo fac-
es increasing environmental challenges, one of the most pressing being climate change (Lima and Rueda, 2018; Mckay

and Parker, 2018). The trend in the past year is that air pollution levels in the city have usually been above national
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and international guidelines. Additionally, most of the environmental policies developed so far are focused on making
vehicles cleaner, which is easily outweighed by the continuous increase in the vehicle fleet (Mckay and Parker, 2018).
Already in 1996, the Environmental Company of the State of Sdo Paulo (CETESB) established that traffic congestion was
the most serious issue for the inhabitants, losing only to violence. CETESB discusses that from 1992 to 1995, the peak
congestion grew from 36 km to 94 km, reaching 190km in 1996 (Jacobi 1997). According to the Technology and Envi-
ronmental Sanitation Agency of Sao Paulo’s state report, CETESB (2020), vehicles and industries are responsible for the
deterioration of air quality in the metropolitan region of Sao Paulo. The report illustrates that Sao Paulo (metropolitan
area) has 48% of the vehicle fleet while representing only 3.2% of the state’s territory. In the central urban context
of the city, there aren’t functioning industries, so vehicles are the most significant cause of high pollutant levels. For
example, there is no active industry in the Butanta neighbourhood, where this thesis Case Study is located. Therefore,
vehicles are this area’s most significant source of pollutants. Thus, the city has been facing specific issues related to air
pollution for several years, which are related mainly to the number of vehicles but also other elements, such as the
topography and a combination of climatic factors (Silva et al., 2013). Jacobi (1997) specifies that the regions’ particular
atmospheric conditions create an extreme thermal inversion phenomenon, disturbing air quality and consequently
generating health issues, particularly lung diseases’ increase. Moreover, Santana et al. (2020) identified the correlation
between the increase in hospitalisation numbers between 2013 and 2016 and the PM10 and Pm2.5 concentration
levels beyond the national and international standards. They also stated that the increase in the number of hospitali-
sations culminated in a total cost of 111 million USD. The study also revealed that ozone (03), carbon monoxide (CO),
sulfur dioxide (502), and nitrogen dioxide (NO2) are also connected with the number of hospitalisations due to respira-
tory diseases. Santana et al. (2020) also found that for all studied months, PM10 was always above 50 ug/m3; yet, in
low rainfall months, it exceeded 100 pg/m3. It was also found to be higher than 20 ug/m3 every year, twice as high as
WHO standards.

Naturally, S3o Paulo also suffers from thermal-related problems. Its UHI maximum intensity is 3°C higher than in
Singapore, another megacity with tropical climatic conditions (Umezaki, 2020). Additionally, in the past 30 years, days
where temperatures are higher than 32°C (considered extreme) are increasingly more common in the warmer periods
(Lima and Rueda, 2018). Freitas et al. (2009, as cited by Silva Dias et al., 2013) stated that “when the sea breeze pen-
etrates the metropolitan area of Sao Paulo, it may interact with the urban heat island, frequently triggering convective
storms. The same event was noticed in other cities in the US (Bornstein and Lin, 2000)”. In 1997, it was already observed
that the city was suffering from increased flood risks due to the decrease in green areas. The mentioned phenomenon
can cause severe environmental and economic impacts. (Jacobi, 1997). In addition to flooding and storms, heatwaves
typically generate a drastic increase in the use of air conditioning. Furthermore, the rise in air conditioning use causes
extreme energy consumption, which will trigger many issues, such as the rise in the CO? levels in the atmosphere (An-
drade et al., 2017). Beyond the mentioned problems, studies have also illustrated that higher levels of the A. aegypti
mosquito larva development, culminating in the Dengue disease, are connected to areas of the city with extreme

temperatures (higher than 32°C), which, as previously mentioned, are created by the UHI effect (Araujo et al., 2015).
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2.4. NATURE AMONGST URBAN ENVIRONMENTS

Before the concept of green infrastructures was adequately discussed and documented, the discussion about na-
ture among cities and its relationship with city development took place for many years. Embodying the debate about
the possible and needed alliance of natural and urban environments is at the heart of Architecture and Urban plan-
ning. For example, in 1898, Ebenezer Howard introduced the concept of “garden cities” as an alternative, which would
use “mother earth as an essential source of life, happiness, wealth and power” (Howard, 2010). The “Garden Cities of
Tomorrow”, originally from 1898 but published with this name in 1902 (Howard, 2010), is the book that introduced
the cited concept that can be considered the root of the idea of Green Infrastructure. The work also contains one of
the first mentions of the connection between urban areas and ecosystem structures as a planning demand (Salata
and Yiannakou, 2016). According to Hagan (2014), Ebenezer Howard’s Garden City (cited above) is the great founding
model of nature-in-the-city in the industrial age. Two other well-known counterpoints for the Garden City are “Le
Corbusier’s high-density version, the Ville Contemporaine, or City for Three Million (1922) and Frank Lloyd Wright'’s
radically dispersed version, Broadacre City (1932)”. In addition to the linear city of Magnitogorsk, a 1930 project by
Leonidov (Hagan, 2014). Even Though some of the projects were never built, they are essential concepts and known
references today for designing urban environments involving nature. Moreover, in the 1940s, there was already a
cited concern about resource consumption and ecosystem damage. Additionally, before the 1970s, a few concepts
were documented about “reintroducing nature into existing towns and cities” and “retrofitting with nature” (Douglas,
2019). Afterwards, the mentioned topic was more remarkably recalled in lan McHarg’s “Design with Nature” (1971)
and the lesser-known Brian Hackett’s “Landscape Planning: Introduction to Theory and Practice” (1971) (Kambites and
Owen, 2006). Forwarding to 2019, one of the sustainable goals developed by the United Nations was to “make cities
and human settlements inclusive, safe, resilient and sustainable”. Lastly, as showcased, the knowledge surrounding the
necessity of nature within the built environment with the potential of bringing positive impacts has been established

for almost one hundred years.
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2.5. SMALL-SCALE GREEN INFRASTRUCTURE

2.5.1. THE CONCEPT AND APPLICABILITY

Nowadays, the green infrastructure concept (Gl) is widely known worldwide and among UK researchers (Matsler et
al., 2021). For example, the Landscape Institute (2013) defined Gl as “the network of natural and semi-natural features,
green spaces, rivers and lakes that intersperse and connect villages, towns and cities”. However, after reviewing the
Literature concerning green infrastructure, It can be established that, despite the similarity between the definitions,
there is a variation in the significance of the term for each research (Kambites and Owen, 2006; Jia et al., 2016; Salata
and Yiannakou, 2016; Jerome, 2017; Shackleton et al., 2018; Benton-Short, Keeley and Rowland, 2017; Chatzimentor,
Apostolopoulou and Mazaris, 2020; Abdulateef and Al-alwan, 2021; Fluhrer, Chapa and Hack, 2021; Matsler et al.,
2021; Meerow, Natarajan and Krantz, 2021). The variety of definitions will be exposed and discussed next, identifying

similarities to attempt a common description of the term.

Branas et al.’s 2002 study (cited by Nieuwenhuijsen, 2020) stated that Gl is “an interconnected network of green
space that conserves natural ecosystem values and functions and provides associated benefits to human populations.”
Additionally, most publications associate the term with urban planning strategies, demonstrating a large-scale charac-
teristic (Kambites and Owen, 2006; Nieuwenhuijsen, 2020). Yet, other works also refer to Gl as networks of green spac-
es that would improve the environment, provide ecosystem maintenance, clear air and water, and social outcomes,
independent of their scale (Jia et al., 2016; Benton-short et al., 2019; Fluhrer, Chapa and Hack, 2021). For example,
Kambites and Owen (2006) justified the use of churchyards, schoolyards, and trees planted along streets as examples
of Gl because studies showcased the users’ benefits from those spaces. The UK government states that parks, green
roofs, green walls, private gardens, playing fields, and different water bodies (for example, canals and ponds) could
be part of the Gl (Ministry of Housing, Communities & Local Government, 2019). Cameron et al. (2012) state that the
green spaces (green infrastructure) network could be implemented in any urban environment of any morphology or
size, and other researchers discuss the existence of minor elements that also compose a green infrastructure. Norton
et al. (2015) established that urban trees could be considered part of a Gl network. Shackleton et al. (2018) explored
the concept of “safety nets”, where Gls are not massive in size or ecological production, but as home gardens with
trees. “. Additionally, as exemplified by Matsler et al. (2021), some publications have used the term Gl only as a syno-
nym for green walls (Hunter et al., 2014; Medl et al., 2017) or for “vegetation” (Lorbek & Martinsen, 2015) and most
cited works about Gl (H Hartig et al., 2014; Tzoulas et al., 2007) widely defined it as natural and green spaces (Matsler
et al., 2021). Finally, Jerome (2017) examined the concept of community-scale or small-scale green infrastructure, de-
fining it as a “network of groups and projects which aim to deliver locally relevant functions and benefits to respond

effectively to changing social and environmental needs”.

Based on the reviewed Literature, this doctoral research considers that the urban green spaces or even singular
vegetation inserted within a city’s context will usually benefit social and environmental purposes. Thus, the mentioned
elements could be considered part of a town’s green infrastructure. However, some urban environments can showcase
natural features that are not directly connected to a broader network of green spaces but can still provide localised
environmental benefits. Thus, based on the analysis of the Literature on the theme, this thesis uses the term small-

scale green infrastructures (SGI) as a conjunction of single trees, schoolyards, green walls, roofs, and private gardens. In
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other words, hedges, living walls, grass, and trees are considered SGI components, which are the focus of this research
and are studied in depth. Furthermore, as explained in Chapter 01, this work focuses on two aspects that can be im-
pacted by SGI components: health and comfort, using air quality and microclimatic conditions as indicators. Therefore,
the following Literature review sections display and review the main findings of previously studied green infrastructure

and the aforementioned central aspects.

2.5.2. AIR QUALITY IMPACTS

A few papers have argued that implementing urban green infrastructure is a possible passive measure to reduce
air pollution within the built environment (McNabola, 2010, as cited by Abhijith et al., 2017). For example, in the last
two decades, some studies have investigated the role of green infrastructure components (green barriers, green walls
and roofs, and trees), emphasising their ability to remove pollutants from roadsides and other urban environments
(Brantley et al., 2014; Hagler et al., 2012; Joshi and Ghosh, 2014; Pugh et al., 2012; Tong et al., 2016). Additionally,
Barwise and Kumar (2019) described how different greenery could be used as barriers to reduce traffic emissions into
adjacent areas; however, their work does not detail the composition of the green barriers. Concerning the vegetation’s
typologies, Abhijith et al. (2017) studies showed that trees led to air quality deterioration while hedges improved air
quality. They also observed the need to express and standardise the vegetation density when the aim is to remove air
pollutants. The abovementioned works affirm that GI components can modify the environment’s air quality in a spe-
cific urban configuration: vehicular roads with adjacent vegetation. They comment on the impact of vegetation char-
acteristics on diffing the particulate removal potential, highlighting that it can enhance or decrease its capacity, and
the mentioned process varies according to the pollution types. For example, gaseous pollutants mainly comprise sulfur
dioxide and carbon monoxide, ozone and gaseous photochemical pollutants, nitrogen oxides, volatile and semi-vola-
tile organic compounds, and ammonia (Seigneur, 2019). The mentioned pollutant types are usually removed by urban
vegetation as a result of a process that happens on the leaf surfaces and in stomata absorption (Fantozzi et al., 2015).
Nowak et al. (2013,2006, as cited by Abhijith et al., 2017) studied the removal of 03, NO2, SO2 and CO in addition to
PM10 by measuring the downward pollutant movement, which is the process of removing pollutants from the atmos-
phere caused by deposition processes, as scavenging, sedimentation and precipitation (Watson, Bates and Kennedy,
1988). They specify that the pollution removal values for each pollutant vary among different studied cities, according
to their urban morphologies and climatic conditions. They also affirm that the velocity of the pollutant deposition pro-
cess is directly altered by the leaf length, the tree coverage (or size), and other diverse climatic and microclimatic vari-
ables. The study finds that in the city of Syracuse, the PM2.5 total amount removed by trees annually was 4.7 tonnes.
On the other hand, in Atlanta, the annual removal was 64.5 tonnes (Nowak et al., 2013). The evidence produced in
the last years, as the ones previously presented, has raised awareness about the positive impacts of vegetation within

urban settlements and encouraged government proposals to increase the green infrastructure in the cities.

Overall, trees are by far the most discussed of the different vegetation typologies, also when talking about gov-
ernmental encouragement. Several initiatives in cities advocate for “greener” cities through programs that protect
the existing vegetation and reforestation and increase tree canopy cover’s percentage. For example, the Melbourne
initiative aims to achieve a 40% cover using tree canopies and the “Million Trees” initiative in New York City (Salmond
et al. 2016). Moreover, some studies have already presented the impacts and indications of how to use it properly in
the urban environment, mainly through the lens of enhancing air quality. A work by Roy, Byrne, and Pickering (2012)
established that until the moment when the research was developed, 33 different journals published a total of 115

original research papers on urban trees, which were then identified and reviewed. The finding illustrates and validates
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the topic’s relevance for environmental studies, as seen in this thesis project and other disciplines. Seven articles
discussed social benefits, with five presenting evidence of it, followed by twenty-eight related to positive economic
contributions, with twenty-seven showing proof. There were also eleven papers discussing health and visual, positive
outcomes. However, only five pieces displayed evidence of the effectiveness of urban trees on noise reduction. Ac-
cording to the articles analysed in their study (Roy, Byrne, and Pickering, 2013), “only 21.7% used a field experiment
method, and only 14.8% used surveys and questionnaires”. Moreover, they affirm that some of the studies revealed
that it is widespread that tree plantations can worsen the concentration of the pollutant, and its density is directly
connected to this phenomenon. The greater the tree density, the more particles will be trapped in the environment.
One example is the work by Gromke and Ruck (2007), which, through the development of different case studies, es-
tablished that trees increase traffic-induce pollutant concentrations within street canyons in all cases when compared
to the same canyons without them. They observed that the tree crown porosity was an essential variable in defining
the amount of pollutant dispersion within the canyon. Even when the crown porosity was expressive, the impact on
the concentrations was still identified. However, they also observed that the mentioned factor is only influential at a
certain level; when it goes under a specific threshold of pore volume fraction, the changes in pollutant concentrations
are not further seen. Furthermore, Buccolieri et al., 2009, also studied urban street canyons; however, it focused on
air movement and defined which wind direction would be more successful in removing particles, coupled with using
trees. Still, they started by analysing the canyon without trees and found that perpendicular winds in relation to the
canyon result in a higher particle concentration. They then affirm that when there is a larger aspect ratio, the decrease
in the pollutant is higher in inclined wind directions. The study concludes that the aerodynamic effects of trees depend
on wind direction (Buccolieri et al., 2009). Gromke and Ruck (2009) then added that a two-parallel-aligned row of trees
within a wider street canyon is preferable when planning urban environments. They define this configuration as one
that urban planners should consider instead of a narrow street canyon with a single row of trees to enhance air quality.
Yet, their research, combined with Buccolieri et al. (2009) findings, indicate that the ones responsible for urban plan-

ning should also consider the prevailing winds on the specific area of implementation whenever planting urban trees.

The studies discussed so far demonstrate the knowledge developed concerning urban trees at such a level that it is
already possible to produce some guidelines regarding urban design. However, Salmond et al. (2015) also debate the
fact that even though there is available research focused on the urban and regional scale impacts of vegetation on hu-
man health and overall climate, there is a lack of in-depth understanding of the effects of street trees on an immediate
(local) scale. They discuss the necessity of an approach focusing on the local scale to produce more precise data that
defines the true level of positive or negative impact of urban tree interventions. Naturally, the relationship between
trees and urban environment air quality remains a study subject, and there are examples of studies with a local scale
focus. For example, Borna and Schiano-Phan (2020) showed a high concentration of particulate matter (PM) around
trees in London. They’ve found that the trees significantly reduce air movement and cause pollutant particles, which
are more noticeable in the cases of PM10 and PM2.5 levels and less when compared to NO2, to settle around and un-
der their canopies (crowns). They confirm that planting trees does not necessarily mean better air quality in an urban

environment when analysing local scale impacts while emphasising the importance of properly defining the vegetation
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types, scales, distribution and locations. Borna and Schiano-Phan (2020) indicate the necessity of further research to
determine the exact effectiveness of trees and other SGI components within urban configurations throughout the year,
including summer and winter scenarios. The abovementioned outcomes and statements stimulate this thesis’ study
of green infrastructure components (including trees) on a smaller scale inside a “contained” environment, generating

more variations and data on the typologies and amount of vegetation for diverse periods of the year.

This doctoral research also evaluated material that was produced related to using other typologies of vegetation
(not including trees) in street canyons, such as hedges and other smaller SGI components. Al-dabbous and Kumar,
2014 found that a vegetation barrier composed of climbing plants on the borders of vehicular roads effectively re-
duced Respiratory Deposited Doses (RDD). The RDD are nanoparticles that, during crossroad winds, were reduced by
36% through the vegetation mitigation potential (Al-dabbous and Kumar, 2014). Another study by Wania et al. (2012)
of street canyons considers diverse scenarios with both hedges and trees. They found that the hedges had a higher
removal rate when compared to trees and indicated that the results are explained by the further distance that trees
have from pollutant sources. The trapping effect is enhanced as hedges are closer to the particles than tree canopies.
Additionally, Gromke, Jamarkattel and Ruck (2016) indicated that hedges in a row can positively affect traffic pollution
dispersion at the street level and within a canyon formed by building facades. They also establish that hedges can
extensively remove the exposure to pollution particles of pedestrians and other inhabitants closer to the strongest
polluted areas of the street canyons. However, the researchers indicate that the findings can’t be absolutely connected
to PM concentrations. This is due to the particle deposition on the vegetation’s leaf surfaces, causing a filtering capacity
concerning gaseous pollutants. They conclude that further research is needed to understand roadside hedges’ partic-

ulate matter dispersion effect.

The findings above exemplify the existence of guidelines on applying hedges in street canyons and how substantial-
ly effective they can be in this geometric configuration. However, urban environment morphology is also shown to be
an essential factor in the Gl components of space. For example, Abhijith et al. (2017) affirm that trees within a street
canyon can decrease air quality if the configuration is not planned adequately, while in more open environments, trees
and hedges combined can act as barriers to improve air quality behind them. Other studies explored the outcomes of
the Gls and the urban configuration. According to Wania et al. (2012), where air quality was worse, and the aspect ra-
tio was increased, the vegetation removal rates were also enhanced. Additionally, Gallagher et al. stated that different
solid barriers within the urban environment can potentially change the pollution particles’ patterns of dispersion and
concentration and improve air quality behind them. Moreover, the research found that combining control measures
that are not vegetation and small-scale green infrastructure components could improve the air quality in local environ-

ments (Abhijith et al., 2017).

2.5.3. IMPACTS ON MICROCLIMATIC CONDITIONS

Several publications present the relationship between SGI components and environment temperatures, leading to
the perception of human comfort. Studies showcasing the relationship between urban canyons and vegetation regard-
ing thermal outcomes were also found. Di Sabatino et al. (2015, as cited by Abhijith et al., 2017) establish that trees can
alter the vertical thermal distribution within the canyons. At night, the bottom layer becomes warmer than the canyon
top, diminishing the vertical exchange even more. Santamouris et al. (2007) and Sailor (2008) established that green
roofs could reduce indoor temperatures. According to previous studies, it is possible due to the improved insulation via

the substrate and evaporative cooling that living roofs can provide. In 2008, Tsoumarakis et al. researched the thermal
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performance of living walls in various weather conditions. They found that closer to the vegetation in the walls, the dry
bulb temperature (DBT) was lower than in the non-vegetated portion. At certain periods of the studied days, the differ-
ence between vegetated and non-vegetated walls achieved 1.5°C of air temperature. They established the existence of
a thermal insulation air layer between the plant leaves and the wall. Silva, Santos, and Teneddrio (2017) also explored
the role of trees in the urban environment and their capacity to reduce the heat island effect in Lisbon’s Mediterranean
climate. The research proved that trees could regulate environmental extremes, mainly during morning and afternoon
periods, creating comfortable thermal conditions for users. Also, my master’s thesis concluded that adding trees re-
duced the ground area’s mean radiant temperature by 25% (Silva, 2019). Within the context of cities in Brazil, in 2017,
a study developed by Santos et al. in Salvador displayed that the lower terrestrial surface temperature (TST) found in
the town was in areas covered with vegetation, marking 26°C, whilst the built areas presented higher temperatures,
reaching 41°C. Finally, concerning school environments, Bard et al. (2019) established that the tree coverage in the

yards is directly related to urban cooling benefits.

The Urban Heat Island effect was further studied through the years, showcasing its impacts. For example, a study in
New York and Atlanta in the US defined that Urban Heath Island (UHI) in large urban areas can increase rainfall and the
number of occurrences of convective storms (Bornstein and Lin, 2000). The impact of vegetated areas inside the urban
environment on mitigating the UHI effect is also observed in diverse research. A different study developed in New York
found an average of 2°C difference in air temperature comparing the most and the least vegetated areas (Susca et al.,
2011). In Beijing, Zhang, Wu, and Chen (2010) demonstrated that the temperatures would be higher if the vegetation
cover were reduced, and vice versa. Additionally, a study in Addis Ababa explored the relationship between tree cover-
age and heat patterns, stating that different tree species can modify the final effects. It was also found that for each one
per cent drop in the canopy cover, the dry bulb temperature (DBT) drops by 0.02°C (Feyisa, Dons and Meilby, 2014).
In Hong Kong, it was established that a specific arrangement of urban trees could create profound reductions in the

temperature during the daytime, indicating that tree planting combined with proper urban planning can be sufficient
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to mitigate daytime UHI (Tan, Lau and Ng, 2016). It was also found a 4°C difference between the dense urban city en-
vironment and the extensive planted area of Hong Kong (Wong and Yu, 2005). They also revealed that reducing the
energy load on buildings using shading elements and an evaporative cooling strategy can reduce reliance and improve
the efficiency of mechanical air conditioning units. Additionally, US-produced data suggested that strategic positioning
of plants could reduce domestic buildings’ energy consumption by 20-40% (Akbari et al., 1997, 2001; Huang et al.,
1990, as cited by Simpson, 2002). Huan et al. (1990, as cited by Cameron et al. 2012) estimated that each tree could
offer over 270 kWh of cooling per day only by considering its evapotranspiration impacts. They conclude that trees are
a significant SGI component in providing cooling through shade. Additionally, the urban trees’ size, maturity, adjacent
buildings’ morphology and even the reflectiveness of their facades will change their cooling effect (Simpson, 2002, as
cited by Cameron et al., 2012 and Akbari, 2001). As with many other research studies on the impact of vegetation on
thermal comfort, this one also indicates the necessity of more detailed research to understand which type of buildings

would benefit from which type of trees.

2.5.4. HEALTH

This thesis only tackles health impacts through the air quality and thermal comfort indicators. Even though this
research will not define vegetation outcomes to mental health conditions, it is essential to establish that green infra-
structure components could positively affect them. For example, Hodson and Sander (2019) commented on research
that has documented positive outcomes concerning academic, cognitive and behavioural benefits when adding green-
ery to school environments. They’ve found that students perform better at school when studying in classrooms that
provide views of outdoor vegetation, when there are areas with an expressive amount of tree coverage near their
houses, and when they are allowed to use vegetated environments within their schools. They also indicate that vege-
tation within their daily use and mainly playing environments can reduce attention deficit and hyperactivity disorder
and enhance working memory and attentional capacity. Other studies investigate the connection between open spaces
and reducing health issues related to air quality. For example, a piece was developed using three major cities in the
UK, and the result was that “if 20% of the population which lived 2km of an 8-20ha green space used this area every
day of the week for at least 30 minutes to any outdoor activity, the NHS would save more than 1.8 million pounds each
year” (Bird, 2004, as cited by Tzoulas et al., 2007). Also, Akpinar, Barbosa-Leiker, and Brooks (2016) drew a connection
between a more significant percentage of Green Infrastructure components and reduced mental and general health
complaints. Cavaleiro Rufo (2020) indicated that children’s respiratory health is associated with higher biodiversity,
which is a probable consequence of Gls and SGls. Moreover, Akpinar (2016) declares that high school greenery could
effectively enhance student’s health. Additionally, school greenery positively impacted social behaviour and stimulated
physical activity in younger kids, according to Van Dijk-Wesselius et al., 2018). Finally, different studies have also indi-

cated dietary behaviour and educational impacts (Huys et al., 2017; loja et al., 2014).
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2.6. CONCLUSIONS

This chapter illustrates the conditions of the megacities, underscoring the environmental issues that they cause to
their inhabitants worldwide. It demonstrates the constant and predicted growth of Megacities within tropical climates,
indicating that new ones can also be created in the next years. The literature also suggests that compared to North
American and European ones, there is a lack of financial resources to tackle environmental problems in the southern
hemisphere. Additionally, the air quality and thermal issues within the mentioned environment are discussed in this
chapter. The findings show the importance of discussing solutions to reduce negative environmental impacts created
by megacities, mainly tropical ones, underscoring the relevance of this thesis’s focus on the city of Sao Paulo. Further-
more, the city’s characteristics are discussed in more depth to justify the interest in the city and state of Sao Paulo.
The literature shows the city’s current overall negative thermal and air quality environment and demonstrates the
necessity of discussing possible improvements to reduce vehicular pollutant concentration while providing shade and

evaporative cooling of vegetation in the city and state.

The chapter extensively discusses vegetation within urban environments, highlighting its positive and negative
outcomes. It explores the existence of these elements in cities from the 1900s until today. The literature illustrates how
nature within urban settlements has been constantly discussed while being defined as necessary and a requirement
to be considered by urban designers and policymakers. The Green Infrastructure and Small-scale Green Infrastructure
concepts are also discussed by reviewing diverse literature, which often defines them as greenery within urban areas
that can positively impact the inhabitants. The specific concept of small-scale green infrastructure (SGI), which perme-
ates this doctoral research, is also defined by using examples from the literature. It is established that a combination
of any scale of vegetation typologies (trees, hedges, grass, and other plants) that are impacting its immediate environ-
ment, when in a smaller size when compared to a city scale, can be called SGI. In other words, this section clarifies how
the SGls can, for example, be school yards with any green typologies applied to them. In addition to establishing how

single trees, hedges and even living walls can be considered components of an SGI.

The chapter then delves into an extensive review of the impacts of Gls and SGls on air quality, thermal comfort,
and children’s health within an urban context. The literature establishes that trees and hedges have the potential to
increase and decrease different typologies of pollutant concentrations, depending on several factors. The main under-
scored variables are climatic and microclimatic conditions, vegetation typologies, density, location and the morphology
of the studied urban environment. The chapter indicates, through the literature review, the necessity of studying the
relationship between vegetation and air quality, producing more detailed data. Further research can increase the un-
derstanding of locating and distributing SGI components within the urban environment. Finally, the literature clearly
states that vegetation is essential in dense cities for human thermal comfort, the overall mitigation of heat stress, and
the urban heat island (UHI) effect. In addition to increase mental health and well-being within the context of children

and teenagers in their school environment.
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3. PUBLIC SCHOOLS IN
SAO PAULO.

CONTEXT AND ARCHITECTURAL REVIEW.
3.1. INTRODUCTION

This chapter is generally dedicated to the public schools in Sao Paulo state and city, their importance, and archi-
tectural components. The chapter starts by explaining why the schools are the focus of this research, first through
the study of children’s health. Hence, the impact of thermal and air quality circumstances on the health conditions of
children and teenagers is explored. Subsequently, it is narrowed down to why public schools were chosen by explaining
the existing teaching structure within the city of Sdo Paulo. The competent public bodies responsible for the projects
of new schools and the refurbishment of existing ones are also briefly explored. The mentioned public bodies produce
guidelines for the state public school design, consequently creating architectural patterns for the schools in the state
and city, which this chapter presents and reviews. The architectural review is conducted through school examples in
the city and state, where the architecture is analysed with a focus on environmental performance indicators. The afore-
mentioned actions identify the natural and built elements that can be seen mostly repeated, which is the focus of the
chapter. This chapter’s research information on the importance of schools and their built structure characteristics is
extremely important in defining field and analytical work methods. It is also essential to define this thesis’ case study

and the final guidelines that are proposed by the closure of this research.
3.2. WHY SCHOOQOLS?

3.2.1. CHILDREN’S HEALTH AND WELLBEING

As mentioned in Chapter 02, the lack of air quality for the human population, mainly within urban centres, is a
recoghised widespread issue, causing a high cost to the global economy, reaching USS 5 trillion in total welfare losses
by 2013 (Ferreti et al., 2015). The outcomes aren’t less concerning regarding children’s health worldwide. For exam-
ple, according to the World Health Organization (Air Pollution and Child Health Report, 2018), worldwide 93% of all
children live in environments with air pollution levels above the WHO guidelines, with one of every four children with
age under 5 dying directly or indirectly due to environmental related risks. Air pollution not only exacerbates chronic
diseases such as asthma but is also related to “the development of major pediatric diseases, including adverse birth
outcomes, abnormal lung and neurodevelopment, and pediatric cancer, as well as obesity and cardiovascular disease
risk” (Brumberg and Karr, 2021). Irritation caused by air pollutant particles causes significantly higher obstruction in
young children’s airways than adults due to their narrow airways. Additionally, a study developed by Behrens et al. sug-

gested that children who live in residential areas with higher traffic occurrence have a higher risk of developing asthma
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and allergic rhinitis. Another research study finds examples of chronic inflammation in the lower respiratory tract and
other health issues in children due to Mexico City’s air pollution (Calderdn-Garciduefias, 2008). Calderén-Garciduefias
(2011) discusses how the teenage and child years are crucial periods of brain development related to cognitive, behav-
ioural, and emotional changes and how air pollution can disturb this development, creating cognitive deficits during
childhood. Air pollutants can also interfere with “signalling pathways related to the sequence of chemical messages
that guide Lung growth” (Salvi, 2007). Finally, the long-term exposure to PM2.5, PM10 and NO2 in a study in China was

associated with metabolic syndrome (Zhang et al., 2021).

The World Health Organization (2018) also affirmed that health threats in early childhood could develop lifelong
health consequences. A significant percentage of the population in urban environments can face severe health issues
related to exposure to bad air quality in childhood in a few years. Therefore, it is possible to affirm that there is an ur-
gency in protecting children and young adults, and the necessary protective measures can be on different intervention
scales. Calderén-Garciduenas (2004) displayed that “long-term exposure to severe air pollution can cause neuroinflam-
mation and Alzheimers to adult megacities residents. In addition to being a risk against adults, pollution is a possible
cause of a series of complications for children and teenagers. Furthermore, not only can the pollution impact children
severely, but they can also have a higher intake of pollutant particles than adults. It happens due to the increased lev-
els of activities, requiring much higher air intake. Consequently, increasing the amount of particle intake (Salvi, 2007).
Finally, some findings even indicate which pollutants are harsher against health. For example, according to Salvi (2007),
the pollutants most implicated in the increased prevalence of respiratory tract symptoms are NO2, ozone, and particu-
late matter (PM10 and PM2.5). Other studies indicate that in the United States, from 2011 to 2016, 20% to 30% of the
children (aged 0 to 17) lived in areas with PM2.5 concentrations higher than the standards for that period (Brumberg
and Karr, 2021). The data presented was used as part of the guidance on which pollutants should be further studied in

this research.

Within the specific context of schools, a study by Kings College London (2019) indicated the existence of pollution
within the grounds. However, the study, which was said to be the most extensive to minor children’s exposure to air
quality (250 children involved), showed that the path to the school had five times higher NO2 concentration on the
surrounding paths. Also, the study detected lower PM2.5 and NO2 concentrations on minor roads connected to the
schools. The highest concentrations were recorded along the main roads. Finally, it was suggested that parents who
drive to school can also contribute to high levels of air pollution close to the school. The findings above showcase the
necessity of thoroughly discussing and planning the designs of the learning environments and their urban surround-
ings. The research also concluded that small changes in user behaviours are essential to improve air quality (Kings
College London, 2019). In the UK, there are other works in which the outcomes can guide teachers and parents in
mitigating air pollution and the potentially caused issues. For instance, the National Education Union and the British
Lung Foundation joined efforts to encourage possible solutions. The mentioned organisations suggested creating a
street outside the school without traffic, sharing transport schemes for the children, and discouraging parents from
parking close to the school, among other initiatives. Furthermore, there are ventilation, thermal comfort, and air qual-
ity guidelines to be followed by schools in the UK to ensure quality indoor standards for children (Education & Skills
Funding Agency, 2014). London’s reality of discussing and implementing protective measures regarding children and
young adults differs from S3o Paulo’s. Most cities in Brazil lack specific and urgent measures and definitions to mitigate

the problem that air deterioration can cause to younger inhabitants.

Another aspect discussed in the last chapter and one of the main pillars of the entirety of this doctoral research is
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thermal comfort. In addition to air pollution, heat discomfort can also deteriorate children’s health. Children’s sensibil-
ity to extreme weather can be considered as expected information, but the seriousness of the issue is revealed in the
number of hospitalisations in areas with sweltering conditions. Overall, the highest effects are observed in younger
kids (Xu et al., 2014a; Kovats et al., 2004; Onozuka and Hashizume, 2011; Green et al., 2010, as cited by liiguez et al.,
2016). For instance, Xu et al. (2012) declared that children are more sensitive to hot and cold temperatures than adults
due to behavioural, metabolic and physiological characteristics. They also establish that regarding allergic and infec-
tious diseases, extreme temperatures can cause higher morbidity rates in children and that the ones under one-year-
old are at the highest risk of heat-related mortality. According to Xu et al. (2012), children under five years are even
more vulnerable to intense heat; from five to fifteen, the psychological behaviour patterns are similar. The mentioned
researchers also discuss the need to assess children’s vulnerability to extreme temperatures in more detail as they are

behaviourally and physiologically a heterogeneous group.

Regarding the context of Brazilian cities, children’s and adolescents’ hospitalisations due to pneumonia, mental
health conditions, neoplasms, asthma and renal diseases can be associated with the relationship between heat health
issues and inter-city socioeconomic disparities (Xu et al., 2020). The findings are based on data collected from daily
hospitalisations in the four hottest months of the year over five years, considering 1,814 Brazilian cities, covering 78.4%
of the country’s population. The study also concluded that less-developed cities presented more heat-associated chil-
dren and teenagers’ hospitalisations. Xu et al. (2020) further illustrate the overall impact of the heat increase on the
population by affirming that a 4% increase in hospitalisations of all causes is caused by a daily mean temperature in-
crease of 5 °C during the warmer season. Additionally, the mentioned correlation is fortified when average household
income, urbanisation and literacy rates and GDP per capita diminish. Furthermore, air pollution and thermal distress
are not isolated factors in the context of detrimental impacts on the young population’s health. Some researchers
identified the negative impacts of the combination of air pollution and excessive heat on, for example, asthma clinical
outcomes (Tran et al., 2023). Additionally, Grigorieva and Lukyanets (2021) pointed out the existence of a vast amount
of documentation on the association between respiratory health and air quality. Also, according to Han et al. (2023, as
cited in Tran et al., 2023), the negative impacts of pollutant particles (PM) on respiratory health in European children
are intensified during heatwaves. Finally, global warming causes a higher number of heat waves, which are the mo-
ments when air pollution rises. The high-temperature polluted air acts in synergy, increasing the negative health effects
on children more than those from the pollution of heat alone (Grigorieva and Lukyanets, 2021). The findings presented
so far through the literature review demonstrate the urgency of protecting children and adolescents against pollution
and thermal health threats by creating protective measures. Moreover, as previously highlighted, the built learning

environment becomes the main location of interest for applying the mentioned protective measures.

3.2.2. RELATIONSHIP WITH THE SCHOOL ENVIRONMENT

As previously explained the focus became the study of air quality and thermal comfort impacts on children and
young adults within the context of architecture. To allow for that, a built environment typology should be selected with
two main characteristics: concentrates the biggest number of this population and applies to different urban contexts
following a similar architectural program. Naturally, the built school environment became a focus of this doctoral work.

The quality and importance of these spaces to younglings’ mental and overall health will be discussed below.

Income, gender, and geographical location are some of the variables responsible for the increase or decrease in

children’s and adolescents’ attendance at school. For example, there are areas where few children attend school, such
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as a small village in Kenya (Larson and Verma, 1999). Diversi, Filho, and Morelli (as cited by Larson and Verma, 199)
noted that in poor communities in Brazil, some schools have their day organized in only one hour and a half to accom-
modate around 5 shifts of students daily. However, the teaching system’s-built environments, within most of the global
society, correspond to spaces where humanity spends the majority of its developing years. In 1999 Larson and Verma
stated that adolescents spent (within an average of seven days) 4 to 6 hours per day emersed in school activities in
North America. The same study found an average of 4.5 to 6.5 hours in Europe and 6 to 8 hours in East Asia. The men-
tioned information is contextualized in a post-industrial schooled population (where schooling is the norm). According
to the mentioned authors cited literature, across the US and in Europe the school day itself varies from 5 to 7 hours.
While East Asia has 8-hour days with a half day on Saturdays. Larson and Verma (1999) discussed how the hours spent
in school are translated into the capacity to produce goods and services. Finally, how the time education level impacts
lifetime earnings. According to Twum-Antwi, Jefferies, and Ungar (2020): “The school setting serves as the hub where
young people first learn to develop cooperative social relations as well as the skills necessary to successfully maintain
relationships through their interactions with peers and adults other than their immediate family members”. Well-be-
ing, mental health, and cognitive development are other components directly connected to the learning environment.
Rakesh, Zalesky, and Whittle (2023), researched the role of the school space on the brain structure. The findings sug-

gest that when improving the built environment a more positive youth functioning is accomplished.

The impacts of the absence of a built teaching environment for the children and adolescent’s physical and mental
health could be exemplified during the COVID-19 pandemic (Buchanan, Hargreaves, and Quick, 2022; Fegert et al.,
2020; Lopez-Bueno et al., 2021; Magklara et al., 2022; Singh et al., 2020). According to Lee, 2020, “the nationwide
closures of schools and colleges have negatively impacted over 91% of the world’s student population” (as cited by
Singh et al., 2020). Different short and long-lasting effects on the young population when absent from school can also
be spotted within the COVID-19 pandemic context. Schuurman et al. (2021) suggested that the school cease could con-
tribute to education inequality which could result in social inequality. Also, Rana and Daniel (2023), indicate how the
online learning substitution could have opened space for the violation of children’s rights in India. The quality of the
learning environment is also an essential factor. According to Higgins et al. (2005) in a literature review report produced
by the University of New Castle, “Physical elements in the school environment can be shown to have discernible effects
on teachers and learners”. The mentioned study states that poor air quality and thermal distress can cause detrimental
effects on the users. Such as lack of concentration, poor mood, and other negative impacts to the overall well-being.
Lighting and acoustics are also indicated to have an impact. Furthermore, Higgins et al. (2005), suggest that the men-

tioned effects could finally result in lower attendance.

The literature review presented until this point of the chapter justifies the focus of this thesis on the specific pop-
ulation group composed of children and adolescents. More importantly, the findings also illustrate the importance of
the physical learning environments. In the condition of a Ph.D. thesis in architecture and environmental design, the
educational buildings are a perfect case study, when considering the intention of protecting younglings’ health and

wellbeing.
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3.3. WHY PUBLIC SCHOOLS?

This research focuses not only on schools in general but more specifically on schools in tropical climates within or
adjacent to megacities (as explained in the previous chapter). Moreover, within the context of the city and state of Sao
Paulo, this research didn’t target the overall body of schools. Instead, the focus is set on public education and the text

below will explore it in more detail to justify that choice.
3.3.1. BRIEF HISTORY

The formation of the public school in Brazil was preceded by three main phases (Saviani, 2004, as cited by Oliveira,
2007): from the beginning of the colonization process of Brazil (around 1549) to approximately 1759, the Jesuits were
responsible for education. Followed by the educational reforms that happened until 1827. From 1827 to 1890, there
were several intents to organize the educational system, including the distribution of administrative responsibility to
provinces. Finally, the educational system administered by the state of Sao Paulo started in 1890 with the start of the
republican regime in Brazil, constituting the beginning of the public schools known today. In 1890, different scholarly
groups started being established in Sao Paulo, which served as a model for other states in the country phases (Savi-
ani,2004, as cited by Oliveira, 2010). The next substantial educational system reform since the republic proclamation
happened in the decade of 1920 with the name of “Escola Nova” (New School). The reform focused on the states of
Ceara, Bahia, the Federal District, and Sao Paulo (Oliveria, 2010). From 1930 onwards, a revolution in the country
caused a change in the education system with a unified national plan, making education for children obligatory and
free. The valorization of the educational system in the country resulted in the construction of the first buildings de-
signed and planned specifically for schools in the country. Consequently, in 1936 and 1937, Sao Paulo built the school

buildings representing the mentioned changes (Oliveira, 2010).

1948 in the state is represented by the formation of the “School Agreement” (“Convenio Escolar”). The “School
Agreement” established a pact between the Sao Paulo state government and the city’s mayor to build and administrate
public schools. The mentioned year also marks the start of the works developed by EDIF. The Building Department of
the city of Sao Paulo (EDIF) was responsible for developing several public school projects (Takiya, 2010). Consequently,
the period from 1949 to 1954, while the school agreement was in place, was known as the turning point of the archi-
tectural concepts of public schools in Sao Paulo (Oliveira, 2010; Takiya, 2010) The architect Helio Duarte was a teacher
at the Architecture University of Sao Paulo and the team leader of EDIF. He was the main responsible for defining the
program and architectural concepts of the schools. Additionally, he and the EDIF team started to design with modernist
architectural principles and aesthetics (Romero, 2023; Takiya, 2010). Furthermore, public schools designed and built
by EDIF were the first cases to demonstrate an architectural pattern and guidelines to be followed within the city. Re-
garding the state of Sao Paulo, the Directorate of Public Buildings (“Diretoria de Obras Publicas” — DOP) was the agency
responsible for the education system. In 1953, the “School Agreement between the state and municipality ended. Fur-
thermore, in 1960, the government established the state school construction fund (“Fundo Estadual de Construcoes
Escolares” — FECE) until 1976. Afterward, FCE was substituted by “CONESP”, the School Construction Company of the
state of Sdo Paulo. Lastly, in 1987, the Education Development Foundation (“Fundacao para o Desenvolvimento da Ed-
ucacao” — FDE) was created and develops projects and builds schools throughout the state until today (Oliveira, 2010,
Fundacao para o desenvolvimento da educacao, 2023 and Spira, 2015). Forwarding to the years from 2001 to 2004,

another important mark was the creation of the Unified Educational Centres (“Centros Educacionais Unificados” —
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C.E.U.). which was developed by the Department of Education of Sao Paulo’s municipality. The aim was to take cultural

and leisure spaces into the peripheral areas of the greater city which will be lately discussed in more detail.

3.3.2. SCHOOLS’ STRUCTURE IN SAO PAULO

There are several school typologies in the city and state of Sao Paulo, being mostly divided by age. However, ty-
pologies are created to attend to specific cases. For example, there is the Education and Indigenous Cultural Centre
(CECI) to attend to Indigenous children. Additionally, there is the Integrated Education of Young Adults and Adults
(CIEJA) for anyone older than 14 who did not have access to a formal education system. Another example is the Child-
hood Coexistence Centre (CCl) to attend the children of municipal public workers. The main typologies representing
the city’s formal educational system are the CEMEls, EMEIs, EMEFs, and EMEFMs. The Municipal Childhood Education
(CEMEIL) is for children from 0 to 5 years old. The Municipal Childhood Education School (EMEI) is the “kindergarten”
and is the first step of the basic education system, attending children for 4 to 5 years. The second step is the Municipal
Elementary School (EMEF) with children aged 6 to 14. Some EMEFs have the disponibility of functioning as what could
be compared to “high schools”, encompassing ages from 15 to 17. The mentioned schools are called “Escola Munici-
pal de Ensino fundamental e Medio” (EMEFM), attending the ages of 6 and 17 (Secretaria Municipal de Educacao de
Sao Paulo, 2019). As previously mentioned, one other important typology is the CEU. One of the main objectives is to
provide each community with libraries, sports centers, and cultural centers connected to the CEls, EMEIls, and EMEFs
(Padilha and Silva, 2004).

The school year calendar in Sao Paulo mostly reflects the Brazilian school year calendar. It usually starts on the first
days of February and goes until the half of December, with 20 days of break in July. A regular year will have students
using spaces in school buildings for 200 days, including mornings and afternoons (Fundacao para o desenvolvimento da
educacao, 2023). Most schools have morning students and afternoon students. The classes in the EMElIs start at 7:30
am and go until 11:30 am for the morning period. The afternoon classes happen from 1:00 pm to 5:00 pm. The EMEFs
are from 7:00 am to 12:00 am and 1:00 pm to 6:00 pm. On a list actualized in October 2020, 101 schools (including
EMEFs and EMEIs) have whole-day classes. It means the students in the mentioned schools have classes from 07:00
am to 6:00 pm (Fundacao para o desenvolvimento da Educacao, 2022). As shown in the information above, the public
educational system in the state of Sao Paulo is a massive structure built in a span of several years. The school buildings
and all the other aspects of the learning environment have been and continue to be carefully tailored. Thus, the whole
system state and city-wise needs to follow similar rules and directions. Consequently, the built environment becomes
similar architecturally and repeats, many times, the same constructive elements. The previously mentioned charac-

teristics will be discussed next, and their repetition is the main reason to focus on public schools in this doctoral work.
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3.4. THE ARCHITECTURE

3.4.1. OVERALL COMMENTS

The interest in Modern Architecture for public schools as an architectural concept can be seen in the speech of
Almeida Junior, the Director of Education of Sao Paulo’s state (1936, as cited by Oliveira, 2010): “The opinion was
frankly favorable to the modern architecture. The sober modernism, discretely sentimental, closer to the French bal-
ance than the baffling boldness of the Mexican compositions”. In 1936, there were already some considerations about
the environmental conditions within the orientations for school buildings. For example, the buildings’ orientations, air
movement inside the classrooms, and the daylight. Moreover, Francisco Prestes Maia (1936, as cited by Oliveira, 2010)
developed a study about solar radiation and the climatic differences between cities on the coast, the capital, and other
cities in the state’s countryside. He was also interested in the buildings’ occupation at different periods of the day and
the uses that informed the characteristics of the building regarding the environment. It is possible to state that those
considerations could sometimes be vague and not always properly implemented in the final buildings. However, the
mentioned considerations are still extremely essential today and, in different ways, informed several school projects
within the state. With today’s knowledge and tools, buildings should undergo an assessment regarding environmental

comfort to indicate improvements when needed.

According to Takiya (2010), the buildings designed during the period of the “School Agreement” had a modern
character with a simple and cheap constructive (structure) system. The buildings were cheap because of the choice
of simple and resistant elements. For example, concrete structure systems and internal floors are made of resistant
and cheap ceramic. Additionally, windows with steel structure and single clear glazing were used. The false ceiling was
usually under a concrete slab; when not, it was made with plywood as a thermal insulator. Finally, the roof systems
would be of wood with fiber cement tiles. The mentioned principles of affordability and durability were followed in the
development of the C.E.U.s in the 2000s. However, the CEUs are usually composed not only of conventional schools, as
exemplified so far, but also buildings with cultural programs open to the surrounding community. Thus, it is a massive
structure that usually occupies much bigger terrains and has more expressive built areas when compared with the
EMEIs and EMEFs previously discussed. Nevertheless, the CEUs also presented the use of prefabricated elements made
of concrete and steel for the structure (Takiya, 2010). The introduction of prefabricated elements probably induced the
architects to standardize their structure systems and the overall organization of the buildings even more. Consequent-

ly, different buildings throughout the city would also present more uniform architectural solutions.

As previously mentioned, FDE is the state’s Foundation for the Development of Education (Fundacao para Desen-
volvimento e Educacao), and it has produced several catalogues/manuals, which are being used to this day. The men-
tioned material is dedicated to architects, builders, and administrators and must be followed in each school. There is
a set of manuals called “technical catalogues” available online on their website (Fundacao para o Desenvolvimento da
Educacao, n.d.). The production of guidelines naturally resulted in school buildings throughout the state and city with
similar characteristics. The mentioned characteristics are relevant to this thesis as they indicate which architectural

elements are repeated so they can be selected for further examination.
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3.4.2. EXAMPLES

The examples illustrate the main orientations where the components are located. They also show the size of
the terrains (open areas), the level of vegetation, and the context surrounding the schools. All the cited information
implies the environmental performance of each case. Moreover, the examples of school buildings in the city and state
will show the architectural similarities and differences between buildings. This section aims to showcase a clear archi-
tectural pattern by displaying components that are repeatedly used and the ways they are being applied. Furthermore,
these buildings will be analyzed with a focus on environmental design, highlighting the already strong environmental

strategies applied and what could be further improved.

SCHOOL PROF. MARCOS ALEXANDRE SODRE

Figure 3.4.01 - Top view of the of the School Prof. Marcos Alexandre Sodre, showing context (Google, 2024).

Figure 3.4.02 - Western facade of School Prof. Marcos Alexandre (© Pedro Kok, 2009).
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The first example is the State School Prof. Marcos Alexandre Sodre, designed by FGMF architects, which was con-
cluded in 2008. The school is in Varzea Paulista, in the Sao Paulo state, 57 km south of the city. It comprehends two
main rectangular blocks, one with a multi-sport covered court and the other for all indoor school activities (figure
3.4.04). The building’s structure is made of prefabricated elements in concrete with a ground floor plus two floors.
Moreover, the classrooms face east and west, with the main circulation areas on the first and second floors in the
middle (figure 3.4.04). Consequently, the main block has east and west facade openings (figure 3.4.04). The west
fagade is completely treated with perforated concrete elements, commonly called cobogos in Brazil (figure 3.4.02 and
3.4.03 (b)). The cobogos work as a second skin to the building, and beside it are small balconies accessed by the glazed
openings of each classroom/indoor space, as seen on the floor plans. Overall, the perforated concrete elements are a
visually interesting and environmentally effective solution. The second skin reduces direct solar radiation entering the
indoor areas during the hottest hours (afternoons). The mentioned elements also help prevent classroom glare, mainly
during the afternoon. Simultaneously, the cobogo wall will not obstruct air movement, increasing thermal comfort
indoors. The main disadvantage of the mentioned element is that it will also block the direct sun radiation during
colder periods. The blockage eliminates the possibility of passively heating the space through direct radiation. The
East fagade is also treated with a second skin. However, instead of cobogos, there are perforated aluminium roof tiles
(figure 3.4.03 (a)). The elements help reduce the sun’s radiation and daylight, even at a lower level than the cobogos
(Fernandes, 2012). Shading that provides lower sun obstruction is adequate for a fagade facing east (as applied in this

school — figure 3.4.04) due to lower temperatures in the morning.
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Figure 3.4.03 (a) - Facade of School Prof. Marcos Alexandre with perforated aluminium roofs as facade treatment (© Pedro Kok, 2009). (b) -
West facade of the school with concrete cobogos (© Pedro Kok, 2009).
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Figure 3.4.04 (a) - Floor plan of the Ground Floor of School Prof. Marcos Alexandre (FGMF Architects). (b) - Floor plan of the First Floor of
School Prof. Marcos Alexandre (FGMF Architects). (c) - Floor plan of the Second Floor of School Prof. Marcos Alexandre (FGMF Architects).
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SCHOOL PARQUE DOURADO V
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Figure 3.4.05 - Top view of the of the School Parque Dourado V, showing context (Google, 2024).
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Figure 3.4.07 - Facade of the Southeastern School Parque Dourado V (© Carlos Kipinis, 2007).
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The second example is the Parque Dourado V School, designed by Apiacas Architects and located in Ferraz de Vas-
concelos. Unlike the previous school, this one is situated in a slightly denser urban context, with fewer surrounding
vegetation areas (figure 3.4.05). The municipality is part of the greater metropolitan area of Sao Paulo. The school is
600 square meters bigger than the Varzea Paulista School and was built in 2007. However, the structure is also made
of prefabricated concrete elements, with the addition of metallic structures in certain areas. The project is solved in
one unique volume, including a multi-sport court (figure 3.4.08). Moreover, this school is also organised on three dif-
ferent levels, yet the circulation areas and access to the classrooms are mainly close to the facades (figure 3.4.08a).
The mentioned areas create balconies that link all the rooms (figure 3.4.07). The Parque Dourado V building has two
main facades with openings facing northwest and southeast. Once more, it is possible to observe a second skin made
of cement cobogos placed on the most exposed fagade (northwest as seen on figure 3.4.06). As explained in the first
school example, the mentioned element is placed on the preferred fagade, causing positive impacts for hotter periods
and negative ones for colder days. The southeast fagade, less exposed to direct sun, has no vertical shading element as
a cobogo skin. However, the classroom facades are recessed and protected by balconies for circulation (figure 3.4.07).
The open circulations function as horizontal shading and protect the indoor areas from direct radiation and possible

glare (Fernandes, 2011a).

Figure 3.4.08 (a) - Floor plan of the Ground Floor of School Parque Dourado V (Apiacas Architects). (b) - Floor plan of the First Floor of School
Parque Dourado V (Apiacas Architects).
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STATE SCHOOL SELMA MARIA MARTINS CUNHA

Escola'Estadual 'nglrna y
aria Martins,Cunha s

Figure 3.4.10 - Southern and Eastern facades of State School Selma Maria Martins Cunha (© Carlos Kipinis, 2008).

Figure 3.4.11 - Nothern Facade of State School Selma Maria Martins Cunha (Google Maps, 2024).
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The next example is a school building in the municipality of Votorantim, 105 Km east of Sao Paulo. The grupoSP
architects designed the State School Selma Maria Martins Cunha, built in 2008. Similar to School Prof. Marcos Alexan-
dre Sodre, this site is close to an expressive vegetated area (figure 3.4.09). The program is solved in two main blocks
connected through covered ramps (figure 3.4.12). The same prefabricated structure elements previously spotted can
be seen in this example: concrete beams, pillars, and metallic roofing elements (figures 3.4.10 and 3.4.11). Yet, this
building presents a different solution as a facade design than the commonly spotted cobogos. The south/southwest-
ern fagades in this school building are treated with fixed wooden vertically placed fins, creating a second skin (figure
3.4.10). On the main block, the elements are placed before indoor circulation areas and classrooms’ glazed windows on
the first and second floors. Considering that the mentioned fagade is not facing “true south” (figure 3.4.12), there are
some hours in the afternoon that the fagade will receive direct sun. Thus, it is possible that the wooden panels could
be considered adequate to protect the interior areas. However, it could also be considered an “overkill”, not allowing
sun radiation to go through in colder periods. Finally, the multi-sports court block has all facades exposed and treated
with the same fins and without solid facades, which could create thermal discomfort in colder periods. The north/
northeast facade has no second skin; however, the structure and roof offset the building line. Additionally, concrete
horizontal fins are placed, extending the solar protection (figure 3.4.11). Considering the sun angles facing the north/
northeastern facade, the structures and extended roofs perform well to reduce direct solar irradiation on hotter days.
However, some level of vertical elements may be added. The mentioned element also allows for direct sun incidence
during colder periods due to lower sun angles. Succinctly, the design in this specific orientation successfully enhances

the thermal comfort of indoor areas in different seasons.

Figure 3.4.12 - Floor plan of the Ground Floor of State School Selma Maria Martins Cunha (grupoSP architects)
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STATE SCHOOL PARQUE SAO BENTO
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Figure 3.4.14 - West Courtyard of State School Parque Sao Bento (© Bebete Viégas, 2008).

Figure 3.4.15 - Facade facing courtyard without cobogos on the State School Parque Sao Bento (© Bebete Viégas, 2008).
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The State School Antonio Carlos Lehman or Parque Sao Bento by bvy architects, built in 2008, comprises al-
most 4,000 square meters of built area. The school is for 6 to 10 years old and is in Campinas, which is one of the state’s
biggest cities, 99 Km northwest of Sao Paulo. It is surrounded by low-rise residential buildings and a massive open area
with grass (figure 3.4.13). Unlike the projects exhibited until this point, this school program is organised in a building
with an “H” shape with two main blocks and only two floors (figure 3.4.16). Nonetheless, the prefabricated structure,
roofing elements, and concrete cobogos are spotted again in this school (figures 3.4.14 and 3.4.15). The building is
one more example of the perforated panels in concrete possibly being applied in inadequate orientations (Fernandes,

2011c).
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Figure 3.4.16 (a) - Floor plan of the Ground Floor of State School Parque Sao Bento (bvy architects). (b) - Floor plan of the First Floor of State
School Parque Sao Bento (bvy architects)
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STATE SCHOOL JARDIM MARIA HELENA Il
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Figure 3.4.17 - Top view of the of the State School Jardim Maria Helena Ill, showing context (Google, 2024).

Figure 3.4.18 - Southeastern View of State School Jardim Maria Helena Ill (© Nelson Kon, 2006).
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Figure 3.4.19 - Southeastern View of State School Jardim Maria Helena Ill (© Nelson Kon, 2006).
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The State School Jardim Maria Helena Il was designed by + K Architects, built in 2006, and located in the Munic-
ipality of Baruaeri, within a low-density urban settlement (figure 3.4.17). From all the examples in this chapter, this
school is the only one in an area with a massive vegetated area (forest that can be seen on figure 3.4.18). The building
is another example of using cobogos made of concrete on all the facades (figure 3.4.18 and 3.4.19). This project has
the program solved in one unique block divided into two floors (figure 3.4.20). The school showcases two main facades,
one facing east/southeast and the other west/northwest, with the exact design solutions. The Jardim Maria Helena is
another example of the lack of green spaces surrounding the building and the same shading elements used indiscrim-
inately (Fernandes, 2011b).
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Figure 3.4.20 (a) - Floor plan of the Ground Floor of State School Jardim Maria Helena Il (+K architects). (b) - Floor plan of the First Floor of State
School Jardim Maria Helena lll (+K architects)
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STATE SCHOOL JARDIM UMUARAMA
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Figure 3.4.23 - View of the Indoor area of State School Jardim Umuarama (© Nelson Kon, 2005).
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This school building displays one more example of using perforated elements (cobogos), a prefabricated concrete
structure, metal roofing elements, and metallic tiles (figures 3.4.22 and 3.4.23). However, this example displays co-
bogos in clay (3.4.22). The State School Fernando Gasparian was built in the city of Sao Paulo in 2005. The Estudio 6
architects’ design resolved the program as a unique building with four levels (figure 3.4.25). This building has a main
facade facing northwest (figure 3.4.23) and another oriented southeast (figure 3.4.25). Once again, both facades were
designed the same way, with the perforated facade on the multi-sport court level and glazed windows in the class-

rooms on the other levels (Kon, 2018).

Figure 3.4.24 - View of the multi sports court of State School Jardim Umuarama (© Nelson Kon, 2005).

Figure 3.4.25 - View of the Southeastern facade of State School Jardim Umuarama (© Nelson Kon, 2005).
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STATE SCHOOL SALVADOR ROMANO
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Figure 3.4.27 - View of the courtyard of State School Salvador Romano (© Pedro Napolitano Prata, 2008).

The State School Salvador Romano, also in the city, was designed by H+F architects and concluded in 2008. The
building is one more example of using the components seen repeatedly so far with different program organisations
and urban contexts (figure 3.4.26). However, that is the only school from this list of examples arranged into two shorter
blocks, facing each other. In addition to the mentioned blocks, one smaller built mass is located on the east to connect
all floors of the main blocks (figure 3.4.28). Also, there is a minimal mass on the west side of the terrain, connected to
the bigger blocks, but only on the ground floor and first level (figure 3.4.28a). The mentioned elements form a main
building in a “courtyard shape” with an open plaza. Finally, there are also two smaller buildings with ground floor and
first pavement on the southern portion of the terrain (ArchDaily Brasil, 2020). Different from all the schools shown
so far, the main building of this one has facades located on the edge of the terrain, directly connected with the sur-
rounding pedestrian and vehicular roads. There isn’t a vegetated open area between the indoor spaces and the roads,

functioning as “buffer” towards the conditions beyond the school’s land. Consequently, the classrooms and internal
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spaces are more exposed to the pollution from outside the terrain boundaries. However, is possible to indicate that
the courtyard, where the students spend their free time, will be protected by the built blocks, and present a better air
quality (figure 3.4.27). Additionally, the classrooms facing the private open area at least on the lower levels will receive
air with lower pollution levels. While the classrooms facing the terrain boundaries will be directly connected with the
pollutants. Finally, the courtyard could be a good place to add trees and other SGlIs that could diminish the thermal
discomfort and hotter periods without increasing pollutant concentration due to buildings protections against sources.
The recessed facades and the extensive use of cobogos are appropriate to reduce thermal discomfort in indoor areas.
However, the facades facing south could be designed without such massive shading system impacting the indoors with
enhanced daylight. Likewise, the circulation block is in the eastern area of the terrain while if placed on the west would

protect the patio from direct sun radiation during hours of more extreme temperatures (afternoons).
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Figure 3.4.28 (a) - Floor plan of the Ground Floor of State School Salvador Romano (H+F architects). (b) - Floor plan of the First Floor of State
School Salvador Romano (H+F architects). (c) - Floor plan of the Second Floor of State School Salvador Romano (H+F architects). (d) - Floor plan
of the Thrid Floor of State School Salvador Romano (H+F architects).
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STATE SCHOOL TELEMACO MELGES

Figure 3.4.29 - Top view of the of the State School Telemaco Melges, showing context (Google, 2024).

Figure 3.4.30 - Nothern Facade of State School Telemaco Melges (© Nelson Kon, 2004).

Figure 3.4.31 - Southern Facade of State School Telemaco Melges (© Nelson Kon, 2004).
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The State School Telemaco Melges is a project by UNA Architects in Campinas. The building was finished in 2004,
and the program is resolved in one unique rectangular block with main facades facing south/southwest and north/
northeast (Fracalossi, 2011 - see figure 3.4.32). This school is the first one from the examples that used translucid
plastic elements on the facades. Moreover, once again, both facades are treated equally (figures 3.4.30 and 3.4.31).
The mentioned fagade treatment reduces glare and filtrates solar radiation. Each plastic element is positioned at an
angle that allows airflow, yet it is fixed. Consequently, the air movement can be reduced, causing possible thermal
discomfort. Lastly, the used material could not be the most efficient in reducing direct solar radiation, mainly in the

north-northeast fagade. Thus, some thermal discomfort could be expected during the hottest periods of the day.
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Figure 3.4.32 (a) - Floor plan of the Ground Floor of State School Telemaco Melges (UNA architects). (b) - Floor plan of the First Floor of State
School Telemaco Melges (UNA architects).
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STATE SCHOOL NOVA CUMBICA
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Figure 3.4.33 - Top view of the of the State School Nova Cumbica, showing context (Google, 2024).

Figure 3.4.35 - Circulation area of the State School Nova Cumbica, showing the facade treatment form the inside (© Pedro Napolitano Prata,
2014).
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A more modern example of a second skin fagade can be found in the State School Nova Cumbica by H+F Architects
(figures 3.4.34 and 3.4.35). The building was constructed in 2014 in the municipality of Guarulhos, inside the metro-
politan area of Sao Paulo. The facade design uses perforated metallic panels painted in different colors applied to the
south/southwestern and north/northeastern facades (figure 3.4.34). The same criticisms and observations regarding
the Telemaco Melges School are valid for this building (ArchDaily Brasil, 2015). Nevertheless, when compared with the
translucent elements shown previously, perforated panels will probably have an overall improved performance. The
latter is assumed due to the material’s higher effectiveness in allowing for more air movement and protection against

solar radiation.
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Figure 3.4.36 (a) - Floor plan of the Ground Floor of State School Nova Cumbica (H+F architects). (b) - Floor plan of the First Floor of State School
Nova Cumbica (H+F architects).
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EMEF MARIA APARECIDA MAGNANELLI FERNANDES
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Figure 3.4.37 - Top view of the of the EMEF Maria Aparecida Magnanelli Fernandes, showing context (Google, 2024).

Figure 3.4.38 - Northeastern Facade of EMEF Maria Aparecida Magnanelli Fernandes, (© Fabio Arantes/Secom, 2017).
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The EMEF Maria Aparecida Magnanelli Fernandes was inaugurated in 2012 in the city. The architects responsible
were not found and neither further information about the school as school plans. Nonetheless, the discovered im-
ages demonstrate the use of metallic angulated panels in front of the windows as shading elements (figure 3.4.39).
The northeastern facade of the building is recessed creating additional horizontal elements. Furthermore, vertical
elements were created and placed evenly throughout the fagade (figure 3.4.29). The combination of the mentioned
components is probably successful in reducing the sun radiation that windows would be exposed to. However, is not

possible to affirm the extent of the shading element’s effectiveness.
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CEU PARQUE DO CARMO
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Figure 3.4.39 - Top view of the of the CEU Parque do Carmo, showing context (Google, 2024).

Figure 3.4.40 - View of the Southeastern Facade of the central block of CEU Parque do Carmo, (© Pregnolato & Kusuki fotografia, 2020).
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Figure 3.4.41 - View of the Nothern facade of the northern block of CEU Parque do Carmo, (© Pregnolato & Kusuki fotografia, 2020).

66



As a first example of CEUs (Unified Educational Centres), we have the Parque do Carmo by architects HASAA and
SIAA, from 2020, with 12662m? of built area. This building complex is expressively larger than the schools displayed
so far (ArchDaily, 2022 - see figure 3.4.42). The project is also the newest to be built with a 15-year gap from the State
School Fernando Gasparian, also shown above. Yet, elements seen previously can also be identified in this building. For
example, the combination of overall structure in prefabricated concrete elements with smaller components structured
with metallic elements (figure 3.4.40). Once more there are recessed facades with connection paths to the class-
rooms on the outside of the building behaving as horizontal shading elements (figure 3.4.40 and 3.4.42). Moreover,
the perforated aluminium tiles, like the used in the State School Prof. Marcos Alexandre Sodre, are applied here as
secondary skin to provide shade (figure 3.4.41). The mentioned element is correctly used on the facades facing north,
even though there needs to be a further test to define if the perforated panels are enough to reduce the sun radiation
indoors. However, the areas of the buildings facing north and protected by the roof tiles are mainly for circulation
between levels and an indoor swimming pool (figure 3.4.41 and 3.4.42). The described architectural program location
is correctly selected as the long-stay classrooms were avoided, perhaps eliminating the need for a stronger fagade

shading system.

The perforated metallic panels are located with different dimensions on all building facades. The mentioned
elements are placed even facing south and east orientations, which could indicate an overshadowing. The excesses
of shading could result in uncomfortable indoor areas during colder periods of the year/day. Still, the facade of the
building facing west has areas without the panels, which could be a poor environmental design choice. The statement

is justified by the sun angle being more direct and the temperatures being higher when the sun is on the west.
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Figure 3.4.42 (a) - Floor plan of the Ground of CEU Parque do Carmo (SIA+HASAA architects). (b) - Floor plan of the First Floor of CEU Parque do
Carmo (SIA+HASAA architects).
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CEU PIMENTAS
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Figure 3.4.45 - Internal view of the main block of CEU Pimentas (© Nelson Kon, 2010).
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The last building is the CEU Pimentas, in the city of Sao Paulo, by the Biselli+Katchborian architects. The edu-
cational center was built in 2010 and was chosen as an example to show a completely different design in comparison
with all the buildings shown before. However, the school still showcases elements and building systems comparable to
the other ones. For example, different from the CEU Parque do Carmo which has three different blocks spread on the
terrain this one is composed of a unique mass. Yet, looking further the project is composed of smaller blocks with brick
walls and pre-fabricated concrete structures sustaining a massive metallic roof (Fracalossi, 2012 - see figures 3.4.44 and

3.4.46). The mentioned structural and finishing materials are similar to the majority of buildings shown this far.

The main facades of the buildings face west-northwest and east-southeast, with the west-northwest ones being
recessed and protected by metallic “brise soleil” style fixed panels (figure 3.4.44). As seen before the recess happens in
the form of a circulation area separating the classroom from the outdoors. The use of the panels before the classrooms
are another resemblance to the previous examples. Lastly, the classrooms are opened completely (with glazing) to the
semi-outdoor area (covered with the roof, as seen on figure 3.4.45). The characteristics and strategies discussed before
can be considered environmentally correct. Yet, it is possible that the shading structure is not sufficient and that the

covered area is not delivering enough natural daylight to the classrooms.
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Figure 3.4.46 (a) - Floor plan of the Ground of CEU Pimentas (Biselli+Katchborian architects). (b) - Floor plan of the First Floor of CEU Pimentas
(Biselli+Katchborian architects).
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3.5. CONCLUSION

This chapter elucidated the essential character of school environments by highlighting the urgency of focusing on
children’s and teenagers’ health issues caused by air pollution and thermal distress. Additionally, the importance of
the overall school environment to the younglings’ well-being was also established. Afterward, the chapter explains this
doctoral research’s specific interest in public schools. It was entrenched that the public school system in place within
Sao Paulo’s city and state presents strict guidelines to be followed and applied in each school. Finally, the chapter states
how the presence of strong policies enhances the potential for the guidelines proposed by this thesis to be applied on

a wider scale, perhaps, generating a city-scale impact, hence more significant.

Following the justification for the focus established in this thesis, the chapter moves to its main objective, which is
discussing the architecture of public schools. The study of EMEIs and EMEFs examples showcased buildings with similar
program organization, with similar built areas. However, the open areas surrounding the buildings varied substantially.
The CEUs presented different programs with much more extensive built areas, keeping similar fagade treatments and
structural components. Moreover, most of the examples show reduced use of small-scale green infrastructure within
school terrain. Some buildings are surrounded by paved, uncovered areas. Others have low grass in the outdoor areas.
Moreover, most of the examples showcase a few numbers of trees scattered around the terrain. The described outdoor
situations can indicate intense poor thermal conditions for the users during hotter periods. Moreover, another similar
characteristic is the height of the classroom windows, with parapets height of 1m. The windows are usually composed

of metallic frames and clear glass.

The use of prefabricated concrete beams and pillars and metallic roofing structures is also seen repeatedly in al-
most all examples. Some schools have the circulation between floors resolved in the middle between classrooms and
other rooms facing out. While other examples show the circulation working as a “buffer zone” between the outdoors
and the classrooms. The mentioned corridors naturally work as vertical overhangs against the direct sun. Finally, most
buildings have perforated metallic panels as shading elements and only one example uses wood. A few schools use
concrete vertical and horizontal overhangs as solar protection. Furthermore, most of the examples seemed to have
their design process with a focus on shading and air movement. Yet, it is possible to indicate that some buildings could

perform better regarding thermal comfort with shading addition and/or subtraction.

It is essential to emphasize that the architecture review made in this chapter focused on the best environmental
design strategies. This assessment relies on analyzing the fagcade and roof treatments and their orientations. Thus,
the comments do not consider other program necessities, which are general to every school and specific to each site.
Additionally, the real effect of the shading elements or surrounding vegetation was not modeled. Consequently, the
evaluation was done as a set of suggestions, with the use of environmental design principles, and not scientifically
tested. Hence, the evaluation will naturally be less accurate, requiring a more in-depth analysis of the environmental

performance of a school building within Sdo Paulo’s context.

The analysis made in this chapter was also fundamental for identifying one other building that represents them but
on a smaller scale. The choice was made by spotting similar characteristics and programs while also considering the
possibility of conducting fiel[dwork. Even though not all buildings presented exist within a context of urban density it
was essential to choose an example which is. The mentioned is justified by this research’s objective to study air quality

with a focus on denser environments. Finally, to be analyzed and accessed in more detail, the EMEF Amorim Lima was
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selected as a case study. Unlike most of the previous examples, the Amorim Lima school is surrounded by small-scale
infrastructure. Moreover, the building is older than most of the examples in this chapter. However, the elements of
shading and glazing can be seen there once again. The specific characteristics of the building itself in addition to the
outdoor and indoor areas aspects can be seen in the next chapter. Moreover, the field and analytical work conducted

on the school will be presented in each of the following chapters.
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4. CASE STUDY:
FIELDWORK

THE CURRENT PERFORMANCE OF EMEF
DESEMBARGADOR AMORIM LIMA

4.1. INTRODUCTION

This chapter describes the public school EMEF Desembargador Amorim Lima, a significant case study in small-scale
green infrastructure. This school’s characteristics and potential to serve as a model for other public schools in Sao Paulo
make it a compelling subject of study. The chapter opens with an explanation of the crucial objectives of this case study
fieldwork analysis, followed by the methods used for the task. Afterwards, the school’s brief history, management,
and overall characteristics are discussed. A section with a detailed analysis of the outdoor and indoor environments
follows as the focus of the fieldwork. Finally, the chapter concludes with the results of the fieldwork measurements
being displayed and discussed, setting important questions to be answered in the case study’s analytical work chapter

that follows.

4.2. OBJECTIVES

This chapter is dedicated to studying the current characteristics and overall environmental performance of EMEF
Amorim Lima. Analysing this school’s environment is the first step in identifying variables that could enhance or restrict
human comfort, paving the way for healthier school environments. Moreover, the research on this school is intended
to serve as a parallel indication of the environmental efficiency of similar public schools in Sao Paulo, with the potential
to trigger widespread positive changes. By combining these objectives, the main aim is to provide a clear picture of

EMEF Amorim Lima’s current environmental performance.

This section also aims to indicate other environmental aspects, such as visual comfort, in addition to thermal com-
fort and air quality. Indoors, access to the right amount of light can drastically alter the perception of comfort. Also,
concerning learning environments, light availability can be critical to students’ performance (Nasrollahi and Shokri,
2016). Therefore, architectural design should prioritise creating indoor environments with reasonable daylight. The
optimal amount would avoid glare issues and, most importantly, prevent the artificial light from being turned on during
periods of the day when natural light is still available. In addition, using less artificial lighting can positively impact ener-
gy consumption (Nasrollahi and Shokri, 2016; Fasi and Budaiwi, 2015; Shishegar and Boubekri, 2017). As discussed, the
amount and quality of daylight distribution in a school’s indoor area can interfere with the student’s learning capacity.
This research focuses on the impacts of SGI on air quality and thermal comfort; however, due to their capacity to cre-
ate shade when close to the windows, the components can reduce daylight in the environment. Thus, the context of
an existing case study generates an opportunity to study indoor daylight levels through fieldwork, understanding the

impact that vegetation can cause when close to the apertures.
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Finally, this field research’s main aim is to study the performance of an existing school case with abundant vege-
tation on its terrain, forming a small-scale green infrastructure. The aim is to determine what impacts this SGI has on
the outdoor and indoor environments of Amorim Lima. As Chapters 01 and 03 explain, the performance has two main
performance indicators: thermal comfort and air quality. Additionally, the primary variable considered in this exercise
is vegetation and the effects of being close to it. This work section also wishes to shed light on other variables that
can change the environment’s conditions, identifying if and when vegetation is insufficient to overcome harsh and
unfavourable weather and air quality conditions. Identifying why the studied environment performs in a certain way
could pave the way to building guidelines on improving or creating high-performance urban school spaces and, conse-
qguently, cities, engaging the audience of policymakers. The intention is also that the outcomes presented at this stage

I”

will become a “tool” used to calibrate the inputs fed to the digital analysis in the next chapter (Case Study — Analytical
Research). Additionally, the results are used to validate and critically review the analysis results, linking the different

parts of the study.

4.3.METHOD

This chapter is dedicated to site-specific fieldwork in EMEF Desembargador Amorim Lima, a school in Sao Paulo.
Section 4.4 discusses the school in more detail, including the reasoning behind its selection. The work developed at
the school’s site was developed in two specific periods with a total expansion of two years, while other activities were
conducted in parallel. It was not continuous monitoring; all the data was collected through point-in-time measure-
ments. The two years and the impossibility of continuous monitoring or further spot measurements are due to the
site’s location in Brazil. The limitation was even bigger, considering that most of the fieldwork happened during the
COVID-19 lockdown. Thus, access to equipment and to the school itself was reduced. For the spot measurements,
fifteen areas were selected, and their characteristics and why they were selected are discussed in section 4.5. Eight of
them are outdoors, and seven are indoors. Inside the school, three spots were studied on the ground floor and four on
the 1st and 2nd levels, two on each. The way the point-in-time measurements were conducted reflects the research by
Oke (2006), which presents an extensively accepted method for fieldwork. They identified 1.5m as the lowest height
acceptable for field measurements. Thus, as this thesis focuses on teenagers and children, that was the considered

height for the entire field exercise.

The chosen parameters to identify the school’s performance concerning thermal comfort were dry bulb tem-
perature (DBT - °C), relative humidity (%), wind velocities (m/s) and surface temperatures. Theoretical knowledge of
solar irradiation will also guide the assumptions of human comfort. Moreover, the visual comfort is represented by lux
concentrations. Finally, the air quality conditions were measured through PM2.5 and PM10 levels. Five handheld mon-
itoring instruments were used for the point-in-time measurements in the first exercise. The tools were one of each:
anemometer, thermo-hygrometer, lux meter, and an infrared surface thermometer. The mentioned tools measured
wind speed (m/s), dry-bulb temperature (°C), humidity (%), surface temperature(°C), and illuminance (lux), producing
720 measurements in total. The fieldwork conducted afterwards used only one measurement tool: the air quality
monitoring device called Flow, which Plume Labs developed. It is a pocket-size instrument with a 360-degree air in-
take, which allows for quantifying the pollutant particles calculation and will further display the concentrations in a
phone app (Plume Labs, 2018). In 2023, Plume Labs stopped producing and selling the flow device to focus on other
technologies concerning air quality (Plume Labs, 2024). However, the device’s capacity has been demonstrated in air

quality monitoring studies by Tan and Smith (2020) and Watkins (2020). Additionally, Crnosija et al. (2022) reviewed it
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by testing 34 flow and other pollution measurement devices, exposing them to PM10 and PM2.5. The study defined
that flow as a useful air quality monitoring tool to demonstrate individual (punctual) particulate matter exposure. For
this doctoral research, the focus of the pollutants measured by the Flow device was the particulate matter PM2.5 (ug/
m3) and PM10 (ug/m3).

There were two main periods studied: the first was during the month of March 2021, analysing thermal comfort
and daylight availability. The second set of measurements took place in January 2022, focusing on air quality. For the
first study course (March 2021), four different times of the day were explored: 08:00 am, 11:00 am, 04:00 pm and
06:00 pm. Moreover, three days were measured at 11:00 am (25/03/21, 26/03/21, and 04/04/21) and three others
at 04:00 pm (27/03/21, 01/04/21, and 05/04/21). Two days were studied at 08:00 am (29/03/21 and 02/04/21) and
two at 06:00 pm (30/03/21 and 31/03/21). The 11:00 am and 04:00 pm periods were explored for more days due to
the harsher air temperature conditions expected during them. The 06 pm measurement, representing the period after
sunset, was added to capture the environmental conditions without direct sun radiation. Early morning (08:00 am) and
evening (06:00 pm) were selected as they would habitually display lower temperatures. The second studied course
(January 2022), focusing on air pollution spot measurements, happened on four different days. Two days were studied
at 12:00 am (20/01/22 and 22/01/22), one at 8:00 am (21/01/22), and the last at 04:00 pm (27/01/22). Thus, the men-
tioned times covered the typically busiest traffic hours of the day in the city. The measurements on Avenue Corifeu de
Azevedo Marques were also made. To compare the interior areas of the school with the busiest vehicular road in the
proximity. Finally, each measurement exercise started at the abovementioned times and finished roughly one hour
later. The measurement order was the same, so each spot was analysed at the exact moment on different days (within

the same period group).

As previously mentioned, the fieldwork was conducted during COVID-90. Hence, during most of the visits, the
teaching staff did not use the school during this exercise. Mostly on the measurement days in 2021. Moreover, dur-
ing the last four studied days in 2022, the school was also nearly empty due to summer vacation. Thus, all the indoor
classroom spaces were closed, with internal and external windows and doors always shut. However, before starting
the measurements, the windows of each classroom were opened. After opening the windows, the spot measurements
for the outdoor areas were conducted. Afterwards, those in the indoor space were done. The situation was slightly
different on the indoor patio and administrative entrance hall, where, as a minimum, staff were still working, and the

doors were usually already open.

4.3.1. WEATHER DATA

As part of this chapter’s method, the area surrounding EMEF Amorim Lima weather conditions and trends were
analysed to compare them further with the measurements. Section 2.3.1 of Chapter 02 presents an overview of Sao
Paulos climatic conditions. However, weather data recorded close to the school building was studied for specific com-
parisons with the studied days. The EMEF Amorim Lima is next to the University of Sao Paulo (USP) campus. Within
the campus are two meteorological stations, WXT520 Weather Transmitters/VAISALA brand. The stations collect air
humidity, dry bulb temperature, wind directions, and speed data. Both are fixed five meters above the ground and log
meteorological measurements every fifteen minutes (Prata Shimoura and Ferreira, 2020). Therefore, the stations were

selected as the data providers of weather conditions to be compared with the spot measurements.

During the first monitoring campaign (from 25 March to 5 April 2021), the ambient air temperature exceeded 30°C
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only once (30.7°C at 11:00 am on the 27th of March). Moreover, six analysed days have showcased air temperatures

between 23.4°C to 27.9°C. During the six mentioned days, the highest and lowest temperatures recorded when com-

Dry Bulb Temperature (°C) - USP meteorological station
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Figure 4.3.01 - Dry Bulb Temperature (°C) recording for the ten studied days by
the meteorological stations located inside the University of Sao Paulo
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Figure 4.3.02 - Relative Humidity (%) recording for the ten studied days by the mete-
orological stations located inside the University of Sao Paulo

Wind Velocitiy (m/s) - USP meteorological station
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Figure 4.3.03 - Average, maximum and minimum wind velocities (m/s) recorded for the ten studied days
by the meteorological stations located inside the University of Sao Paulo
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Air Temperature (°C) - USP meteorological station
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Figure 4.3.04 - Dry Bulb Temperature (°C) recording for the days of pollution study
by the meteorological stations located inside the University of Sao Paulo
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Figure 4.3.05 - Wind Speeds (m/s) recording for the days of pollution study by the
meteorological stations located inside the University of Sao Paulo

paring all studied days were found in the morning (11:00 am). Temperatures under 20°C were recorded in the three
remaining days, two at 08:00 am and one at 06:00 am. The one spotted at 06:00 pm was 19.9°C on the 30th of March.
The morning recordings (08:00 am) were 19.2°C on the 29th of March and 19.1°C on the 2nd of April. Furthermore, the
data collected by the weather station showed no rainfall during the analysis periods, and the relative humidity varied
between 34% and 85%. The lowest humidity percentage happened simultaneously with the highest recorded air tem-
perature (30.7°C). The highest humidity level occurred at the exact moment when the lowest temperature was spot-
ted. The recorded data showed a variation in average wind velocities from 0.4m/s to 2.4m/s between the ten explored
days. The maximum wind velocities recorded ranged from 0.7m/s to 5.8m/s. Both speeds were taken on the 29th and
31st of March. tions presented are essential for analysing the concentration of pollutants in each spot. To understand

mainly how dry bulb temperature and wind velocity can impact the measured air quality.

As previously mentioned, the second batch of measurements focused on pollutant particle concentration and was
conducted over four days in January 2022. During the four studied hours, on the 21st of January (2022), at 08 am, the
lowest dry bulb temperature was registered at 20.2°C. The first studied hour was the warmest, with 24.5°C (midday,
20th of Jan), followed by the 27th of Jan at 04 pm, with 24.2°C. Finally, the 22nd of Jan, also at midday (the third studied
hour), registered a dry bulb temperature of 21.8°C. Moreover, all studied days were sunny with no cloud obstruction.
The average wind velocity recorded by the USP station during the study hours varied from 1.2m/s to 3.3m/s. The high-
est was on the 27th of Jan at 04 pm and the lowest on the 22nd at midday.
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4.4. EMEF DESEMBARGADOR AMORIM LIMA
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Figure 4.4.01 - Satellite image of the city of Sao Paulo and surroundings highlighting the Butanta neighborhood where EMEF Amroim Lima is
located (Google, 2024).

As explained in the previous chapter, EMEFs are Municipal Elementary Schools, having children aged 6 to 14. It
is the case of EMEF Desembargador Amorim Lima, which was created in 1956 and previously had other names and
locations. In 1968, the school was set at its current address, and in 1999, it adopted its current name. The school is a
reference to a “democratic school”, which allows for intense community participation and use of the built environment,
inspired by the “Escola da Ponte” in Porto (Portugal). The implementation of the mentioned educational model started
when the current director arrived at the school in 1996. (Aquino and Sayao, 2004) The mentioned director, Ana Elisa
Sigueira, was substantial in allowing access to the development of studies in the school. She was also the main person
responsible for understanding the organisation and activities of the environment. Furthermore, the school is in the Bu-
tanta district in the western area of the city, where the University of Sao Paulo’s (USP) main campus is situated. More-
over, the School maintains cooperation and research relationships with the University (EMEF Des. Amorim Lima, n.d.).
The school’s terrain comprises the main building, one covered sports court, and an uncovered one. Most importantly,
EMEF Amorim Lima has an open area in its southern/ southeastern portion called Cora Coralina Park. The Park and oth-

er vegetated areas have diverse trees, living walls, and hedges, while most of the land is composed of soil covered by
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Figure 4.4.02 - Satellite image of the EMEF Amroim site and the surroundings in the Butanta neighborhood (Google, 2024).

grass. Wide roads with heavy vehicular traffic and low-rise and high-rise buildings characterise the adjacent context. As
explained in the previous chapter, the environment mentioned can be considered a Small-Scale Green Infrastructure.
Moreover, it is enclosed by brick walls, creating a boundary within the urban context.
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Figure 4.4.03 - Sketch of EMEFF Amorim Lima roof plan

The EMEF Amorim Lima terrain and building, analysed mainly from 2021 to 2022, is over 50 years old. Naturally,
the built space has suffered various changes, but the overall structure remains unchanged. The schools chosen as ex-
amples of public schools in Sao Paulo and displayed in the previous chapter are substantially younger buildings, with
dates ranging from 2004 to 2020. Consequently, the overall built system is more modern with the extensive presence
of prefabricated elements, while Amorim Lima has a much simpler, built-on-site structure. However, the building dis-
plays components similar to those shown and extensively discussed in the previous chapter. For example, the glazed
windows with metallic frames, seen in most of the mentioned schools, are spotted in this one. Moreover, the cobogo
element, repeatedly demonstrated in the previously analysed schools, is also present, even if with a different design.
Cobogos are elements vastly used in most areas of Brazil due to the country’s climatic conditions, and their relationship
with environmental design principles has been explained in more detail in the Architecture of Schools in Sao Paulo
chapter. Furthermore, the building also showcases some sporadic cases of narrow steel frames without any glass. For
the primary building block, consisting of the indoor patio and most classrooms, applying those materials follows a

simple logic: northwest facades are glazed. The southeast openings mainly consist of cobogo panels (image below).

;%s i D

Figure 4.4.04 - Sketch of the southeastern facade of EMEF Amorim Lima
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Figure 4.4.06 - Image of the Cobogos on the south fagade of the EMEF
Amorim Lima (personal archive)
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4.5. THE STUDIED AREAS

Specific spots for measurement were selected to analyse the school in more depth. A total of 15 spots were cho-
sen, indoors and outdoors, with each indoor spot representing an entire room. The indoor area was studied in five
classrooms, the administrative entrance hall, and the indoor patio. For the outdoor area, eight points were established,
with two located closer to the adjacent vehicular road and the rest ‘protected’ by the surrounding houses and build-
ings. This study method provides a detailed understanding of the school’s spatial dynamics and interaction with the
surrounding environment. As the first stage of the analysis, each area of the school will be presented, and its charac-

teristics discussed.
4.5.1. OUTDOORS

Concerning the outdoor areas of Amorim Lima, the aim was to study portions of the site with different morpho-
logical conditions. The method mainly expects to compare “protected” and “unprotected” outdoor spaces. The level
of “protection” is related to the proximity to busy roads. For example, the southwestern area of the school grounds
borders a busy highway (Corifeu Avenue), while the opposite side has walls with other buildings. The belief is that the

abovementioned situation will cause two distinct environmental conditions. The changes will probably be microclimat-

ic, but mainly on-air quality conditions.
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Figure 4.5.01 - The ground plan of the EMEF Amorim Lima with the indication of external studied points.
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ENTRANCE (EPO1)

The first outdoor study area is the entrance, which is the main student’s entrance and could be considered a tran-
sitional space between the outdoor and the indoor. It is a small area between the boundary wall facing the access road
(Professor Vicente Peixoto St) and the indoor patio door (the largest indoor area) The boundary wall in this zone is over

two meters high, and just in front of it, the school building is over four meters high (see section on figure below). There
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Figure 4.5.02 - Image, section BB, and location floor plan showing spot EPO1 (personal archive).

are five trees in this area of two species: Ligustrum lucidum and Citrus sp.

The proximity between boundary walls and school buildings could generate a wind tunnel effect according to the
wind orientation. This phenomenon could significantly impact the comfort and overall use of the school’s outdoor
spaces. The mentioned built features could also obstruct a different wind orientation, creating a protected area with
less air movement. Beyond the corridor between the outdoor barrier and the school building, the entrance has a

covered space. The covered space has a depth of roughly 3m and a ceiling height of 3.70. Independent of the wind
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directions, this area’s geometry could restrict the indoor patio’s wind velocities.

This study focused on the uncovered section, which received extra daylight and direct radiation. The location be-
came essential to the study due to the exposure mentioned, combined with the wind and solar obstruction caused by
the boundary wall. The blockage reduced the exposure to daylight and the direct sun, giving this space different char-
acteristics from the unobstructed outdoor environments. The characteristics of this space create critical aspects, such

as being enclosed, the extensive presence of hard pavement materials, and the presence of a few taller trees.

CORA CORALINA PARK

Cora Coralina Park is the open area that surrounds part of the building, forming the Small-scale green infrastructure
of this school. It is located in the southwest and southeast areas of Amorim Lima. It consisted of a zone with greenery

and an open, non-vegetated area. Moreover, the park was divided into three spots to be further analysed.

CORA SPOT 01 (EP02)

The first chosen spot represents the area directly connected with the annexe building, comprising the first-year

classroom and the art room (figure 4.5.03). This park portion is established between the school building (northeast)
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Figure 4.5.03 - Section AA showing Cora Coralina Park

and the busiest road (Corifeu de Azevedo Marques Avenue). Additionally, a boundary wall of approximately 2m height
divides both areas. The materiality and levels of exposure shift drastically from Corifeu Avenue to Cora Coralina Park.
The younger students heavily use this area, characterised by the heavy concentration of tall trees. Not all ground sur-
faces are grass; most are pure exposed soil with rugged topography (see pictures within figure 4.5.04). There are six
tree species in this region: the Eugenia uniflora, Psidium guajava, Fraxinus americana, Ligustrum lucidum, Morus nigra

and Persea americana.
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Treetops cover this spot; however, the sun still penetrates the ground area due to their substantial heights and
moderate density (figure 4.5.04). The sparsity of the treetops forms gaps where radiation and light can infiltrate the
soil. As mentioned, trees are also expressively tall, creating extensive non-obstructed areas between them and the
boundary wall. The northwestern wall within this area has trees near it. Additionally, a metallic structure sits on top

III

of the wall covered by climbing vegetation, which could be considered a “green wall”. The mentioned brick and green
wall achieves a final height of nearly four meters (see boundary wall in figure 4.5.03) and probably acts as a barrier to
sun radiation and pollution. The characteristics of this space create critical aspects, such as having a medium to low

sky view, the lack of hard pavement materials, an extensive area with exposed ground floor, and the presence of taller

trees in the adjacent areas.

Figure 4.5.04 - Images, and location floor plan showing spot EP02 (personal archive).
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CORA SPOT 02 (EPO03)

Spot 02 of Cora Coralina Park is located southeast of the main building, directly connected to the first explored
spot and the third spot. It has characteristics similar to spot 01, the main one being its proximity to Corifeu de Azevedo
Marqgues Avenue. Another similarity is the high number of trees. A metallic structure on top of the boundary walls and
some climbing plants are also spotted in this area. However, the sky view factor in the measured area is even lower
than in the first spot, which | achieved by denser treetops, leaving the ground floor less exposed. Even though the per-

meability is lower in this zone, the trees are still tall, allowing for a connection with the avenue. The tree species in this

portion of the park are: Ligustrum lucidum, Morus nigra, Mangifera indica, Lagerstroemia indica, Tipuana tipu, Psidium

Figure 4.5.05 - Images, and location floor plan showing spot EPO3 (personal archive).

guajava, Fraxinus americana, Eriobotrya japonica, Lagerstroemia indica and Eugenia uniflora.

Spot 02 of Cora Coralina’s Park is connected to Corifeu de Azevedo Marques Avenue in the southeastern part. How-
ever, on the north/northeast side of the boundary wall is a less busy street where the school’s main entrance is located.

Moreover, Spot 02 has most of its boundary area attached to the heavy vehicular avenue. The mentioned character-

85



istics could indicate a higher exposure to pollutant particles on Spot 02 than 01. Conclusively, the main aspects of this

space are the low sky view factor, the lack of hard pavement materials, an extensive area with exposed ground floor,

and the presence of taller trees throughout the studied spot.

CORA SPOT 03 (EP04)

Spot 03 is a small plaza between the school building and the backs of several houses and other establishments with

access to Corifeu de Azevedo Marques Avenue. All southeast openings in the main building are oriented to this area.

This is the only spot in Cora Coralina Park without extensive vegetation, and its soil is covered with cement pavement.

Moreover, other than the building itself, no built or natural elements provide shade into this area’s pavement.
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Figure 4.5.06 - Image, section BB, and location floor plan showing spot EPO4 (personal archive).

As mentioned, in certain parts of the year, the building itself could block the sun, but when the sun angles are high

(which will happen in the hotter periods), the area will be completely exposed to direct radiation. The level of exposure

in this area and the materials used indicate high thermal discomfort on warmer days. The felt temperature may be
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much higher than in other school areas due to the heat absorbed and released by the materials. The direct incidence
of the sun on human skin will also increase discomfort on hot days. On the other hand, the plaza may present high
wind velocities due to the lack of obstructions, which could increase when the climatic conditions are not so extreme.
Additionally, the buildings on the southeast will probably protect the plaza by blocking air pollution from the adjacent
avenue. Conclusively, the main aspects of this space are the almost unobstructed sky, the bare inexistence of vegeta-

tion, an extensive area with hard paving materials, and the spots’ considerable size.

OPEN CLASSROOM (EPO05)

Another area studied was the open classroom, which is open but has a roof. It comprises two areas; cobogos delim-
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Figure 4.5.07 - Image, section BB, and location floor plan showing spot EPO5 (personal archive).

itate one, which is approximately 2m in height. The other is open and connects the entrance to the indoor patio to Cora
Coralina Park Spot 03. The second mentioned space is the focus of this measuring exercise. Additionally, the covered

space is roughly 60 sgm and 5m deep and it is covered by a 10cm concrete slab and a roofing system consisting of steel
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structure and galvanised tiles. Furthermore, the motivation for selecting this area was its semi-outdoor and transitional
aspects. The mentioned aspects happen due to the open space, however, protected horizontally and vertically by the
building’s structure. There is expected to be less solar incidence and less air movement than in other open areas. How-
ever, not being as low as the indoor spaces. Finally, The mentioned characteristics form a space with critical aspects,
such as the horizontal cover protecting from the sky, the inexistence of vegetation, and the reduction of light, wind and

direct solar radiation due to cobogos.

FOOTBALL COURT (EP06)

This football court is covered with cement and has an area of roughly 433 sqm. It has no roof and is surrounded by
a metallic structure that does not obstruct light and air movement. Moreover, this structure is populated in some areas
with climbing plants (mainly the southwestern wall). Due to its size and the surrounding context, which is composed

mainly of lower buildings, this spot is more likely to overheat during warmer periods. Additionally, air movement is

probably higher, reducing air pollution. The main aspects of this space are the unobstructed sky, the existence of veg-

Figure 4.5.08 - Images, and location floor plan showing spot EP06 (personal archive).
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etation as living walls, an extensive area with hard paving materials, and the spots’ considerable size.

COVERED FOOTBALL COURT (EP07)

The covered football court area comprises 590 sgm of cement-paved ground with an enormous roof structure. The
roof system is over seven meters high and comprises a metallic frame covered by steel tiles on top and sides. These ele-

Ill

ments create steel “walls”, which start around three meters from the ground. This court is located on the northeastern
portion of the terrain, surrounded by the school terrain and low-rise buildings. It is considerably far from Cora Coralina
Park and Corifeu de Azevedo Marques Avenue. The characteristics of this space, regarding air quality, are probably sim-
ilar to the uncovered football court. However, the studies will probably indicate better thermal comfort performance
in this space. The space’s main features are the openness until approx. 3m on the sides, with an expressive tall ceiling

and reduced daylight while possibly preserving higher wind movement.

"

Figure 4.5.09 - Internal and external images, and location floor plan of Spot 07 (personal archive).
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GARDEN (EP08)

The garden spot is in the same area where the football courts are located and has similar characteristics. However,
it is the only spot with vegetation in this northeastern portion of the terrain. It is covered in grass with some small
trees and bushes, but the vegetation is low and sparse overall. The species of the mentioned vegetation are: Syagrus
romanzoffiana, Mimosa caesalpiniifolia, Podocarpus sp., Malpighia glabra, Terminalia catappa, Thuja sp., Punica gra-
natum, Astronium sp., Eugenia uniflora and Fraxinus americana. The existence of such different vegetated areas (Cora
Coralina Park and Garden) with discrepant surrounding contexts within the same school environment forms a unique

opportunity to develop a comparison study between areas. Conclusively, the main aspects of this area are the almost

unobstructed sky, the existence of lower vegetation, and an extensive area with grass.

Figure 4.5.10 - Images, and location floor plan showing spot EPO8 (personal archive).
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4.5.2. INDOORS

The indoor areas of interest were spread over the building’s floors (ground, 1st, and 2nd). One of the main reasons
for selecting the rooms on the ground floor was their proximity to the outdoor Small-Scale Green Infrastructure (SGl).
Another reason is the specific design characteristics of each room, such as facade design, size, and potential for cross

ventilation. Consequently, the selected rooms on the ground floor were the indoor patio, the first-year classroom, and
the administrative entrance hall.
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Figure 4.5.11 - The ground plan of the EMEF Amorim Lima with the indication of external studied points.
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ADMINISTRATIVE ENTRANCE HALL (IP01)

The administrative entrance hall is the main entrance for staff and parents and is directly connected to the build-
ing’s administrative section. This room is also connected to the indoor patio through a narrow corridor. The room has
a 3.55m high ceiling and a 10cm concrete slab covered by a roof structure in carbon steel and galvanised tiles (as the
entirety of the school’s roof). The room has openings connected with the school’s Northwest and Southeast outdoor
areas. These facades have two glazed metallic frame doors and are almost entirely treated with cobogos. Combining

the doors and cobogos, each wall that faces the outdoors possesses roughly 43% of its areas as unobstructed for air
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Figure 4.5.12 - Images, and location floor plan showing spot IPO1 (personal archive).

movement and an additional 21% for daylight (fixed glazed elements). The openings with cobogos on both sides are
2.60m in height by 4.80m in size, being .70m raised from the floor. Additionally, the four doors have a height of 2.30m
and a total opening of 1.70m. The mentioned characteristics potentially display abundant daylight and cross-ventila-

tion in the room. Thus, the entrance hall is a valuable spot for conducting environmental measurements. The char-
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acteristics of this space create critical aspects, such as the smaller square meterage, the continuous air movement

through double-sized cobogos and the reasonably high ceiling.

INDOOR PATIO (IP02)

Concerning the overall school program, the indoor patio could be considered the “heart” of the building. It is the
students’ main entrance and the connection for all the other indoor areas, including the other floors. The room is di-

rectly connected to the school’s kitchen and primary ground-floor bathrooms. Moreover, the indoor patio has around

Figure 4.5.13 - Images, and location floor plan showing spot IP02 (personal archive).

220 sqm divided into two portions: the “stage” area with 30 sgm and the most extensive portion, the patio itself. The

stage has a lower floor-to-ceiling distance of 3.50m, while the patio has a ceiling height of 4.0m.

The indoor patio’s south/southeast has two main opening systems: the cobogos and double-leaf doors seen in the
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Figure 4.5.15 - Cobogo, doors, and windows in the indoor patio (personal archive)

administrative hall. The cobogo fagade in this room is over four meters, placed approximately 50cm over the ground,
ending at 3.70m in height. The door on this wall is the same as the one in the entrance hall but with a width of two
meters. Additionally, the height and the proportions of opaque and open surfaces are the same. As stated before, the
southeast wall is also composed of a fixed-glazed window with a steel frame and clear glass. The glass openings are
approximately 1.0x.18m with a narrow frame, forming an element constantly open to daylight but with no inlet to the
wind (as seen in the image above). The southeast facade faces the less vegetated area of Cora Coralina Park. It has a
transitional covered semi-open space between them called the open classroom (discussed previously). Furthermore,

the northwest wall is connected to the entrance environment of the school, which was also previously shown. The
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mentioned wall possesses four openings: two double-leaf doors and two windows. Both windows are roughly 2.70m
from the ground, have similar sizes, and are made of the same steel as the doors; however, these windows do not
have any glazing. The openings are approximately 25x25cm, forming an element of over four meters with a one-meter
height. Considering the considerably narrow steel frame, the mentioned windows are open to daylight and ventilation.
As a result of the architectural conditions of this room, for example, being between two semi-enclosed transitional
spaces, having a significant floor area and ceiling height, the spaces could lack natural light and even enough ventila-
tion to dissipate heat. During the visits, it was noticeable that the lights were always on, indicating the lack of natural
light in the space. Nevertheless, the indoor patio does not seem to receive high direct solar radiation levels due to the
transitional spaces previously mentioned, which indicates probable thermal discomfort for users during colder periods.
Finally, the critical features are the highest square meterage from the other indoor spots, continuous air movement
through the cobogos, the school’s highest ceiling and a lower daylight level throughout the floorplan due to its exten-

sive size.

FIRST-YEAR CLASSROOM (IP03)

The southwestern portion of the EMEF Amorim Lima comprises special needs toilets, an art classroom, and the

first-year classroom, the last two directly connected to the densely vegetated area of Cora Coralina Park. The first-year

Figure 4.5.16 - Images, and location floor plan showing spot IPO3 (personal archive).
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classroom became of more interest as it was the only classroom with all openings facing the vegetated area. The class-
room’s false ceiling is composed of perforated plaster plaques, which are underneath the concrete slab. Above the
slab is the same roofing structure explained before and used on the entire school. The southwest wall of the first-year
classroom has three identical fixed windows of over 2m width by .60 height, being elevated 2.10m of the floor. Besides
the windows, there is a double-leaf door element, entirely made of steel, apart from two minor components of 1.20
by 0.13m of clear glass. The small size of the glazed windows and high vegetation outside minimize daylight to reach
the room. The vegetation combined with smaller inlets could also indicate lower wind velocities inside the room. The
central aspects of this room are the lack of wider translucent openings that create lower daylight throughout the room

and the connection to the vegetated area of Cora Coralina Park.

CLASSROOM 01 (IP04)

Three classrooms and the laboratory were selected on the following floors of the main building. The first one stud-
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Figure 4.5.17 - Location 1st floor plan showing spot IP04 (personal archive).
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Figure 4.5.18 - Section BB showing clasroom 02, as a reference to IP04
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ied (Classroom 01) is located on the first floor of the building and is around 96sqm, being a rectangle of 13.85x7.0m.
One of the bigger faces of the room (13.85m) is northwest-oriented, facing the outdoors. Moreover, the parallel wall
(southeast oriented) is the boundary to the circulation corridor. The northwest wall of this room carries a massive win-
dow composed of steel and various transparent glass sheets, with fixed and moveable pieces roughly representing 72%
of the entire surface area. The window has approximately 57% of its area immovable and the remaining 43% openable,
providing natural ventilation. Such a substantial open area in a room with a considerably small depth indicates the
abundance of natural daylight. Furthermore, glare issues can happen due to the size and orientation of the openings
(northwest). Additionally, thermal discomfort during hotter periods can be recurrent due to the mentioned orienta-
tion. However, the trees in front of the building massively obstruct the windows, changing the amount of daylight and

radiation incidence.

The wall that separates the classroom and the corridor has two windows made of the same material as the exter-
nal ones. The height is 56cm and 1.85m from the ground; however, the length of the first is 1.70m, and the other is
5.15m. Disregarding the steel structure of the windows, the element is translucent, having fixed and openable sheets
of glass. Beyond the apertures described above, the circulation corridor is connected to the staircases, and the fagade
connecting to the outdoors is treated with a cobogo panel. The perforated fagade here differs from the others seen so
far and comprises numerous small openings (.05x20cm), a portion of them containing different types of glass. Finally,
theoretically, crossed ventilation will happen in the 1st-floor classroom due to the cobogo panel in the corridor and the
apertures in the southeastern wall whenever the northwestern windows are open. Conclusively, the main features are

the extensive size of the openable translucent windows facing the primary solar exposure, with higher daylight distri-

bution and glare at some periods of the day.

Figure 4.5.19 - Classroom and the corridor on the first floor of the school (personal archive)
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Figure 4.5.20 - Location 1st floor plan showing spot IPO5 (personal archive).

The laboratory contrasts with the other classrooms as it does not have false plaster ceilings. Furthermore, it is
the only room on the first floor with outdoor apertures on opposite walls (southeast and northwest). The perforated
panel present in the corridor is extended to this room with the exact dimensions and characteristics. The northwest
windows also have the same characteristics as the ones in the previously mentioned room. Moreover, the openable
areais also 43% of the window. However, the walls with openings are half the length, and the laboratory is 9.15m deep.
The features mentioned so far will change light distribution and air movement in the room compared to the ones dis-
played. Additionally, this room has two windows on the northeastern side, which will contribute to further light and
morning direct sun radiation. The central aspect of this room is the double aspect with massive cobogo and glazed

windows, which also cause higher daylight distribution and glare at some periods of the day.
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Figure 4.5.21 - Laboratory on the first floor (personal archive)
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CLASSROOM 03 (IP06)
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Figure 4.5.22 - Location 2nd floor plan showing spot IP06 (personal archive).

The overall structure of this room, regarding materials and apertures, is the same as the classroom on the 1st floor.
Nevertheless, this one has two times the last area, with 194sqm. Additionally, the southeastern wall has four doors
and four windows. The northwest wall of this room follows the exact structure of the space underneath it. Although
the treetops still cause some obstructions, more portions of the apertures are exposed to direct sun. Even though this
room is much bigger than classroom 01, the balance between apertures and floor area remains the same. The room
has the same false plasterboard ceiling underneath the standard 10cm concrete slab. However, this is the last level of
the building, with a conventional roof made of carbon steel and galvanized tiles above the slab. The characteristic pre-
viously mentioned could indicate a change in the heat distribution inside the room and, consequently, users’ comfort.
Finally, the main aspects are the highest square meterage of the room after the indoor patio, the massive size of the
openable glazed windows facing the primary solar exposure, and higher daylight distribution and glare at some periods

of the day.
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Figure 4.5.23 - Classroom 02 on the second floor (personal archive)
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Figure 4.5.24 - Location 2nd floor plan showing spot IP06 (personal archive).

The available space and the openings are equivalent to the laboratory. The laboratory has additional fixed brick
and stone tables that, perhaps, would change the air movement inside the room. Both rooms have no obstructions in
front of the identical openings. This room represents a good opportunity for a comparative study with the laboratory
as they are identical rooms with different height locations (1st floor and 2nd floor). The main aspects are also similar to

the laboratory’s; the main difference is a tree’s presence, which could slightly diminish direct solar radiation and glare.
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Figure 4.5.23 - Classroom 03 on the second floor, with focus on the cobogo in one of the facadades (personal archive)
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4.6. RESULTS

4.6.1. THERMOHYGROMETRIC ENVIRONMENT

As previously mentioned, the first ten hours of the study were marked by significant climatic variations, including
changes in temperature, wind speeds, and wind directions. These variations naturally led to temperature differences,
with spot measurements showing a range of over 17°C between indoor and outdoor temperatures. The lowest tem-
perature was recorded in the garden at night (19.1°C), while the highest temperature within the ten days was 37.3°C

in Spot 3 of Cora Coralina Park, measured at 11:00 am.

Air Temperature (°C) - On site measurements - All studied days and spots
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Figure 4.6.01 - Air temperatures (°C) recorded by spot measurements during the ten studied days in all analysed spots
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OUTDOORS

On the first day of the study (29/03), the garden spot, despite being covered in grass and low vegetation that
was not dense enough to block solar radiation, recorded the highest outdoor temperature. However, the presence
of greenery was found to have a positive influence on the environmental conditions during the study period. This
was evident on the 29th of March when areas with a high amount of vegetation (Cora Coralina Park, spots 01 and
02) presented the lowest temperatures (23.6°C). The dry-bulb air temperature in the vegetated area of Cora Coralina
Park was lower than all the ones detected indoors. This finding showcases the effectiveness of shaded environments
with air movement access and natural elements providing cooling against enclosed spaces covered by hard materials.
Nonetheless, Cora Coralina Park’s environmental quality is enhanced when the climatic conditions are not severe, as
is the case at 08:00 a.m. (19.1°C dry bulb temperature). When mentioning the permeability of the outdoor sites, air
movement is an important variable to consider, and analyzing the wind speed data can confirm that. On that day, when
the air dry-bulb temperature was lower in the Cora Coralina Park spots 01 and 02, it was possible to spot air movement
in those areas. Even though the detected wind speeds were low (0.9m/s at spot 01 and 0.4m/s at spot 02), the finding
indicates the permeability of this space. It is expected to acquire higher air movement as a porous area, altering the

surface and perceived temperatures (human comfort).

On the second studied day (02/04) at 08:00 am, Cora Coralina Park (spots 01 and 02) presented the lower air tem-
peratures, with Spot 01 having the lowest within the outside ones (20.5°C). Once again, it was possible to register the
air movements in both spots, respectively 1.3m/s and 1.2m/s. The highest air temperature outside was in the outdoor
classroom, with 4.2°C more than the Park’s spot 01 (25.2°C). Then, the transitional space had probably suffered from
the direct sun in the early morning; the lack of vegetation and abundance of hard surfaces could have been responsible
for the temperature increase. On both days (29/03 and 02/04), the uncovered football court presented high air tem-
peratures, which is understandable due to the expressive amount of cement paving. However, the sizeable unobstruct-
ed area indicates increased air movement, which would, perhaps, prevent discomfort. Indeed, it registered a 1.8m/s

wind movement at the court, the highest of the day.

Air Temperature (°C) - 08:00 am period - Vegetated areas
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Figure 4.6.02 - Air temperatures (°C) recorded in outside areas with vegetation during the 08:00 am period.

102



Air Temperature (°C) - 08:00 am period - Outdoor spots
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Figure 4.6.03 - Air temperatures (°C) recorded in outside areas with vegetation during the 08:00 am period.

.

Wi ©

©¢f; CORA CORALINA PARK

H ‘ VEGETATEDAREA 2
1006 9rrf"

@®°

o 2207 g

i ‘

\
< 15847 © 27.02 i
I
b
|

38!

7
CORA CORALINA PARK
SPORTS COURT )
Tess Xt PR e

@

28|35

Figure 4.6.04 - The ground plan of the EMEF Amorim Lima with the indication of external studied points.

Wind Speed (m/s) - 08:00 am period - Outdoor spots
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Figure 4.6.05 -Wind speeds (m/s) recorded on the outdoor spots during the 08:00 am period.
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At 11:00 am, when studying the outdoor conditions, as the climatic conditions are usually harsher than at 08:00
am, it can be expected to find a more expressive variation between locations. The discussed fluctuations will happen
because of the treatment levels and spaces’ enclosure. Indeed, as expected, the variations were spotted. The first day
(25/03) showcased a 4.2°C between the highest and lowest recorded air temperatures, while 4.7°C fluctuated on the
third studied day (04/04). The second day (26/03) displayed the highest difference between the ten studied hours, in-
cluding outdoor and indoor zones, 8.8°C. The minor hot outdoor conditions of the three days at 11:00 am were found
in the entrance area. The more enclosed character of this transitional space was discussed previously in this work and

was exemplified here through the measurement outcomes.

Air Temperature (°C) - 11:00 am period - Outdoor spots
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Figure 4.6.06 - Air temperatures (°C) recorded on the outdoor spots during the 11:00 am period.

On the 25th of March 2021, while the air temperature at Cora Coralina Park was 32.1°C, it was recorded at 27.9°C
in the entrance zone. Moreover, on the 26th, the highest recorded temperature was 37.3°C on spot 3 of Cora Coralina
Park; as for the entrance, 28.5°C was registered. The 04th of March showcased 35°C on Spot 3 and 23.5°C at the en-
trance area. The mentioned differences can be related to the building geometry and location of spaces regarding sun
orientations. The entrance had direct sun incidence during the studied period (11:00 am). However, the Cora Coralina
Park Spot 3 is much less protected than the entrance and receives direct sun from early morning. The first day’s high-
est recorded outdoor temperature was in the open classroom, 31.2°C, while the Cora Coralina Park spot 03 presented
31.4°C. Both spaces are directly connected, but a ceiling protects the open classroom. A wind velocity of 1.2m/s was
recorded in the park (spot 03). However, no air movement was recorded during the same period in the outdoor class-

room. Finally, the wind speeds on Spot 3 could change human comfort conditions.
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Wind Speed (m/s) - 11:00 am period - Outdoor spots
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Figure 4.6.07 - Wind speed (m/s) recorded on the outdoor spots during the 11:00 am period.
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Figure 4.6.08 - Surface temperatures (°C) recorded on the outdoor spots during the 11:00 am period.

Even though there were higher wind levels in Spot 3, the surface temperature of the paved cement in Spot 3 (Cora
Coralina) was 47.4°C, and the ground floor of the open room had a surface temperature of 27°C. The previous findings
indicate that the mean radiant temperature of the outdoor classroom would probably be lower than the parking area,
consequently enhancing the perception of human comfort. A similar situation will usually happen on the uncovered
football court, which on the 4th of April (11:00 am) showed the highest air temperature of the day. The surface tem-
perature of the paved cement in the court was also the highest recorded on the 04th of April, 37.8°C. The Cora Corali-
na Park spot 03 and the football court are highly exposed and will probably display high mean radiant temperatures.
Additionally, the wind velocities in those spaces are usually higher due to fewer blockages. However, the collected
data didn’t show high wind speeds during most studied days, indicating enhanced thermal comfort perception in both

spaces.
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At the 04:00 pm study period, it was noticeable that each day had one different spot with warmer and cooler condi-
tions. On the first day (27/03), while spot 01 of Cora Coralina Park reached 34.7°C, the entrance zone presented 29.7°C.
As discussed previously, Cora Coralina Park Spot 01 has a space organisation that leaves gaps for permeability (sun and
wind). The commented geometry allows, mainly at this period (04:00 pm), the direct sun incidence on the ground. Due
to the entrance of solar radiation at this period of the day, the ground temperature at Spot 01 was 32.6°C. On the 27th
of March at 04:00 pm, the weather station recorded an average velocity of 1.2m/s, with a maximum of 2.7m/s and a
minimum of 0.2m/s. The wind speeds recorded in Cora Coralina 01 were 0.5m/s, while at Spot 03 of the park, the wind
velocity was 2.4m/s. Even though Spot 01’s small green infrastructure (trees and hedges) allows some sun to enter,
the same elements could block the wind. The air temperature of Cora Coralina 3, which is highly exposed, was three

degrees less than spot 01, which could indicate the importance of allowing air movement.

Air Temperature (°C) - 04:00 pm period - Outdoor spots
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Figure 4.6.09 - Air temperatures (°C) recorded on the outdoor spots during the 04:00 pm period.
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Figure 4.6.10 - Wind speeds (m/s) recorded on the outdoor spots during the 04:00 pm period.
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Surface Temperature (°C) - 04:00 pm period - Outdoor spots
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Figure 4.6.11 - Surface temperatures (°C) recorded on the outdoor spots during the 04:00 pm period.

As mentioned before, the entrance area presented the lowest temperature on the first day at 04:00 am (27/03);
on the other hand, the spot had the highest recorded temperature on the second studied day (01/04). According to
the weather stations, on the 27th of March, the main wind direction was from the south. On the 1st of April, the same
station recorded the wind direction from the east. The proximity between the building and the boundary wall creates
a corridor between the football uncovered court (NE) and Cora Coralina 01 (SW). Air movement orientation combined
with the geometry of the mentioned area would allow for the creation of “wind tunnels.” Therefore, there is a possi-
bility that the air movement could play a part in the recorded air temperature differences between the 27th and 1st
at 04:00 pm.

On the 1st of April at 04:00 pm, “cooler” conditions were spotted at the covered football court (22.6°C) and the
garden (22.7°C). Both cited areas at this point were protected by the massive structure that covers the court. The roof
element will block the northwestern and west sun (afternoon) from reaching the spots. The blockage resulted in lower
surface temperatures on the garden and the covered football court, respectively 21.5°C and 25.3°C. Even though the
cited football area is covered, it has shown a surface temperature of four degrees higher than the garden spot surface.
The difference in surface temperatures happens due to the different ground treatments. Cement paving is the hottest
surface (25.3°C), while grass and soil are the coolest (21.5°C). The surface temperatures in those protected areas con-
trast with those of the exposed zones. One example is the uncovered football courtyard with 32.8°C. The wind veloc-
ities recorded at the garden and covered court were around 1m/s and 2m/s that day. The discussed findings indicate
a higher perceived thermal comfort in those areas than in the other outdoor ones. The enhanced comfort expected
from the garden and football court shows, once more, the importance of protection from direct sun and the selected
materials. During the last analysed day of the evening period (04:00 pm on the 5th of April), the covered courtyard had
once more the lowest registered dry bulb temperature, accompanied this time of the open classroom, also with 23.6°C.
It is important to remember that the open classroom is wholly protected from direct solar radiation at the mentioned
time. The protection happens due to the portion of the school building on the northwest and the classroom’s roof. The

findings are one last example of the importance of sun protection during warmer periods of the year.
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At the 06:00 pm period, on both analysed days, the air temperature in the city was 19.9°C and 23.9°C, respective-
ly. Even though the city air temperatures were lower than the other eight studied days, variation between the zones
could still be spotted. On the first day (30/03), a three-degree difference was noticed between the warmer and cooler
outdoor spots. The second day (31/3) showcased a two-degree variation outside. On the 30th of March, the coolest

conditions recorded were at Cora Coralina Park 01 (20.7°C).

Air Temperature (°C) - 06:00 pm period - Outdoor spots

24 8
23
22
21 ZK\_’ : F
20 Q 19.9 19 7 lq'l‘-—-__;_g_a
19 19.1 _19.2
Entrance Area Cora Coralina Cora Coralina Cora Coralina Open Covered Garden  Football court
01 02 03 classrom  football court
Day 05_30/03/2021 Day 06_31/03/2021

Figure 4.6.12 - Air temperatures (°C) recorded on the outdoor spots during the 06:00 pm period.
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Figure 4.6.13 - The ground plan of the EMEF Amorim Lima with the indication of external studied points.

A similar outcome happened once at 08:00 am from all the explored days. The belief is that when the temperature
drops, evaporative cooling will arise. The evaporative cooling will slightly modify the microclimatic thermal conditions
until early morning. When studying the fieldwork outcomes regarding spots 01 and 02 of the park, it is possible to iden-
tify that the mentioned process will only happen when the temperatures are mild. The results until this point indicated

that the cooling effect of the small green infrastructure would not be substantial in harsher climatic conditions.
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Air Temperature (°C) - 08:00 am period - Indoor spots
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Figure 4.6.14 - Air temperatures (°C) recorded on indoor spots during the 08:00 am period.
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INDOORS

The first analyzed day within the 08:00 am group was 29/03. On this day, the highest indoor temperature was
25.5°C at the laboratory, and the lowest was 24.2°C on the indoor patio. On the second and last day of measurement,
the 08:00 am group (02/04) recorded a temperature difference of almost 8°C between indoor spots. The administrative
entrance hall was the zone with the highest dry bulb temperature (28.3°C). Additionally, the indoor patio presented
the lowest (20.4°C). The temperatures on the first and second-floor spots were roughly one degree higher than the
ground-floor areas, which also happened on the first day (29/03). It is possible that as the mentioned rooms stayed
closed the whole day and night (indoor and outdoor openings), the heat absorbed during the entire day takes more
time to be released, even when the temperature drops at nighttime. The massive, glazed area in the cited rooms and
its northwestern orientation were probable reasons for the increased air temperature. The mentioned characteristic

will probably be responsible for intensifying the heat storage in the room during the day.

Both days at 08:00 am (29/03 and 02/04) had their lowest indoor air temperature on the indoor patio, which, as
explained before, is protected by transitional spaces: the entrance area and the outdoor classroom. The protection
could be a reason for the lower temperatures; however, the room’s size and the number of openings are more rea-
sonable motives. The indoor patio has several open elements (cobogos and windows) that cannot be closed, allowing
non-stop air movement and naturally reducing air temperatures indoors and outdoors at night. Air movement at lower
temperatures would remove any heat stored during the day, and surfaces might not retain substantial heat due to the

room’s level of protection, as explained before.

The second explored group of days had the measurement made between 11:00 am and 12:00 am. For the cited
period, three days were studied: 25/03, 26/03 and 04/04. Like the early morning (08:00 am), the indoor patio com-
prised the lowest dry bulb temperatures regarding indoor environments. The room had the coldest conditions within
the outdoor and indoor environments during the first analysed days (25th and 26th of March). On the third and last
day (the 4th of April), the temperature in the room wasn’t as low as in the first-year classroom. The possible reasons
for the room’s performance were discussed for the early morning period and will remain valid for the other studied

periods. The reasons will apply to different periods because the rooms endure direct solar radiation most of the day.
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Air Temperature (°C) - 11:00 am period - Indoor spots
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Figure 4.6.17 - Air temperatures (°C) recorded on indoor spots during the 11:00 am period.

Regarding the first-year classroom, it is located so that all the apertures are oriented southwest. The cited charac-
teristic means that no direct sun enters through the room’s openings until the last moments of the afternoon. The lack
of sun and air exchange (due to the room being closed the whole time) could create a zone with colder temperatures
than the outdoors. Indeed, the registered weather at this moment (11:00 am on the 4th of April) in the city was 23.4°C,
while a dry bulb temperature of 22.8°C was recorded in the room. Another example of the impacts of the enclosed and
protected geometry of the first-year classroom is that the variation between the outcomes was less than one degree
in the first and second studied days (25/03 and 26/03) of this period (11:00 am). While the temperature registered in
the city on the first day was 27.6°C, inside the first-year classroom, it was 28.8°C. On the second day, the city’s condi-
tion was 29.5°C of dry bulb temperature whilst the room presented 28°C. In addition to space protection during the
morning, temperature drops between the 25th and 26th of March could explain the findings above. Another observa-
tion was that 28.8°C was the highest dry bulb temperature spotted indoors on the 25th of March, a day that has not

showcased high differences between internal spaces’ air temperatures.

The third studied group of days was when the measurements were made from 04:00 pm to 05:00 pm. The sun
is not at its peak at this portion of the day, and the temperatures are dropping. For this reason, it is a good time to try
to register the cumulative impacts of the highest periods of solar exposure of the day. While the indoor measurements
at 11:00 am presented the “coolest” air conditions in the indoor patio, at 4:00 pm, the first-year classroom had even
lower temperatures. The previous finding could be explained by the enclosed characteristics of the 1st year room de-
scribed above. The location of the cited room provides shelter against direct sun until the studied moment (04:00 pm).
The patio presented, on all three days, conditions much closer to the first-year classroom. The temperature difference

in both rooms was around five degrees on each studied day at 04:00 pm.
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Air Temperature (°C) - 04:00 pm period - Indoor spots
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Figure 4.6.18 - Air temperatures (°C) recorded on indoor spots during the 04:00 pm period.

On all three days in the afternoon (04:00 am), the warmer spot inside the school was classroom 01 on the second
floor. The room’s characteristics were extensively commented on before, including the severe exposure to sun radia-
tion. At four in the afternoon, the sun travelled from the east side of the building to the northwestern portion, facing
the classroom fagade. By this point, the air in classroom 01, which has had all windows and doors shut, was hotter than
other indoor zones due to its exposure to solar radiation. It is possible to spot large areas where the sunlight directly
reaches the classroom floor, made of wood. As a result of sun exposure, the wooden floor in two days had the highest
surface temperature amongst the indoor zones, 31.3°C on the 1st of April and 30.8°C on the 5th. The 27th of March
measurement of the classroom floor also presented a high surface temperature (29.3°C). As elaborated previously,
high surface temperatures strongly indicate human discomfort. In other words, as was expected, the data suggest that
this room is possibly an uncomfortable environment to stay in for long periods during afternoons on warmer days.
One of the actions to prevent the situation from being aggravated is using the openable apertures on both sides of the
room (northwest and southeast). With all windows and doors open. Classroom 02 recorded wind velocities higher than
1m/s, which could change the perception of comfort but would probably not be sufficient to provide a high-perfor-
mance environment. Furthermore, all the first and second-floor rooms presented air and surface temperatures similar

to Classroom 02. The orientation and location similarities of all rooms explain the previous finding.
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Surface Temperature (°C) - 04:00 pm period - Upper floors classrooms
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Figure 4.6.19 - Surface temperatures (°C) recorded on the classrooms of the upper floors during the 04:00 pm period.

The classroom on the first floor presented dry bulb and surface temperatures on all days at this period (04:00 pm),
lower than classroom 2, which is just above it. On the first and second floors of the building, the registered dry bulb
temperatures for the first and second days (25 and 26 March) at 11:00 am are lower than the outside measurements
and the recorded in the city. On the first and third days (27/03 and 02/04), the air temperature was one degree, while

the second day (01/04) showed a difference of over two degrees. Regarding the wooden floor surface temperatures,
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Figure 4.6.20 - Air temperatures (°C) recorded on the classrooms of the upper floors during the 04:00 pm period.

the classroom on top presented a higher temperature of one degree on the 27th of March, over five degrees on the
1st of April, and over six degrees on the 5th. As commented before, treetops protected larger areas of the first floor
and the building’s second level. Through the collected data, the level of protection was proven to change the degree
of exposure and, consequently, human comfort inside the classrooms. However, it is vital to observe that classroom 01

will bear the same thermal discomfort issues despite an improvement between the discussed zones.
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The final explored period of the day for this research section was 06:00 pm. There were two studied days: March
30 and 31. As explained in the methodology, this piece of the day was added for other reasons, such as checking the
school conditions with lower air temperatures. Indeed, the weather station recorded the minor air temperature condi-
tions from the ten studied days (regarding each studied period). Indoors, both days had a variation of two degrees be-
tween the lowest and highest recorded air temperature. All the dry bulb temperatures recorded inside the building for
both days at 6:00 pm were higher than those recorded outside. On the 30th of March, the lowest temperature outside
was 20.7°C, while the indoor area’s lowest was 22.2°C. On the 31st, the recordings were 19.1°C out and 20.7°C inside.
The mentioned outcomes suggest that the heat accumulated over the day slowly dissipates. Also, the open areas cool

off more quickly with the temperature drop.
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Figure 4.6.21 - Air temperatures (°C) recorded on the indoor spots during the 06:00 pm period.

The thermal variation inside the building was mainly between the ground floor and upper floors. On the first day
(30th), the entire first and second floors explored rooms showing worse thermal conditions than the ground floor. The
four studied rooms on the upper floors displayed dry bulb temperatures from 24.1°C to 24.3°C, roughly two degrees
more than the ground-level zones. The northeastern portion (laboratory and classroom 03) has openings in the north-
western and southeastern walls facing outdoors. The southwestern rooms (classrooms 01 and 02) have apertures out-
side only one wall (northwest). As discussed before, it was expected that the laboratory and classroom 03 would have
better conditions than the others. The expectation was built around the possibility of air movements occurring more
frequently in the northeastern rooms due to crossed ventilation. However, it is crucial to remember that while one side
of the mentioned rooms is permanently open, the other comprises moveable windows. As previously commented, the
windows were always shut as students were not using the school. Without the windows opened, the crossed venti-
lation could not happen, meaning that the air movement inside the classrooms was probably meagre during the day.
When the temperatures were recorded in the evening (06:00 pm), the classroom on the upper floors had been through

similar environmental conditions, leading to almost matching results.
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4.6.2. VISUAL ENVIRONMENT

The SLL Code for Lighting (Duff, James 2012) defines sufficient light in office spaces as providing around 500 lux
in the working areas. The activities developed in a school building could be considered similar to an office. Consequent-
ly, the parameter will be used as a benchmark to identify the quality of the measured indoor spots in Amorim Lima. In
the afternoon (04:00 pm), the explored rooms on the second floor were indoor spots with higher levels of natural light.
Once more, the result is linked to the sun angles at this specific time. All the rooms on the upper levels will receive
direct sun for most of the day, possibly creating glare issues. The highest amount of light recorded within the ten days
indoors was 22,700lux inside classroom 02 on the second floor. Another example of the impact of sun orientation is
that higher lux levels in the morning (08:00 and 11:00 am) occur inside the laboratory and classroom 3. Both cited
rooms are in the northeastern portion of the building, receiving direct sun in all facades (southeast, northeast, and
northwest) during the morning. However, it is essential to remember that the classroom on the first floor has treetops
blocking a portion of the glazed area. It is possible that the obstruction could be why this room showed lower daylight

levels compared to others on the upper floors.
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Figure 4.6.22 - Daylight levels (lux) recorded on the classrooms of the upper floors during the eight studied days.
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Figure 4.6.23 - The 1st floor plan of the EMEF Amorim Lima with the indication of internal studied points.
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Figure 4.6.24 - The 2nd floor plan of the EMEF Amorim Lima with the indication of internal studied points.

As discussed, the quantity considered comfortable in office environments is 500 lux. Excluding the 08:00 am period,
almost all upper floor rooms showcased higher amounts than 500 lux. The highest amount of light recorded indoors
was 22,700lux inside classroom 02 on the second floor. The previous finding indicates glare issues in the classrooms for
a more significant portion of the day, where the students and teachers will use the space. A schoolteacher spoke about
the glaring issue during one of the visits. The teacher mentioned that a curtain was needed to enhance visual comfort
during activities in the afternoon. Therefore, the spot measurements proved the issue accurately and confirmed the
day was of greater concern regarding glare. The study has shown that all the analysed rooms on the second floor will
have glare issues at 04:00 pm. Some days, glare issues possibly happen at the end of the morning and afternoon (11:00
am and 04:00 pm).

Nonetheless, it was not uncommon to spot zones on the upper floors with lux levels lower than the recommended
for office spaces, even during the afternoon. At 08:00, only the laboratory and classroom 02 (both in the northwestern
building zone) showcased a higher amount than 500 lux. The amount found in the mentioned rooms was 657lux (lab-
oratory) and 665lux (classroom 02), and the northeastern room on the second floor showed 490lux. The other upper
spots presented values between 166lux and 328lux. The lower amount in the previously discussed area of the school
does not represent an express problem, considering that it has been proven to only happen during the early morning.

It is possible that artificial light will necessarily be on for the first hours of the day.

Regarding the ground floor of Amorim Lima, natural light does increase at 04:00 pm, as usually happens in the rest
of the indoor areas. However, it was impossible to spot daylight levels higher than 215Lux in the studied rooms (in-
door patio and first-year classroom). The first-year classroom presented the lower light levels for the eight-day study,
between 17.33lux and 92.2lux. It is essential to state that higher and lower daylight amounts were achieved during
the 04:00 pm period on different days. The main suggestion that could explain the difference between findings for the
same period would be the daily sky conditions. The discussed classroom is directly connected with a mass of vegeta-
tion in Cora Coralina Park spot 01. The blockage built by the small green infrastructure outside the room is probably

the most significant element in reducing light inside.
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Daylight (lux) - All studied days - First Year Classroom
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Figure 4.6.25 - Comparison between daylight levels (lux) recorded on the first year classroom with closed and open doors during the eight
studied days

The recorded data shows that when the door is wide open, there is an increase of roughly 30% in the natural light
levels inside the room. Moreover, on the lowest performance days of the first-year classroom, Cora Coralina 01 spot
showed 4,410lux and 7,270lux. The results demonstrate that even with the expressive use of vegetation, light is abun-
dant outside; however, the high levels are not spotted in the immediate indoor area (first-year classroom). The findings

above indicate that the glazing apertures in this room could be enhanced to absorb more daylight. The indoor patio
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Figure 4.6.26 - The ground plan of the EMEF Amorim Lima with the indication of internal studied points.

demonstrates figures between 41.7lux and 100.9lux during the entirety of the study. Two main observations should
be considered to analyse this room’s outcomes. The first aspect is that all measurements were made in the centre of
the room, keeping a similar distance from all the openings. The second and most important observation is that regular
lectures and learning discussions also happen within the multiple activities hosted by this room. The use of this area
indicates a need for a daylight level around what is required for office spaces (500 lux). It was described before that the
patio has several significant openings in both facades. The conditions may be improved closer to the mentioned aper-
tures. Nonetheless, the measurement in the middle indicates insufficient natural light coming in. The findings indicate

an unsuccessful distribution of openings and, consequently, the light distribution internally.
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Daylight (lux) - All studied days - Indoor Patio
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Figure 4.6.27 - Daylight levels (lux) recorded on the Indoor Patio during the eight studied days.

The administrative entrance hall variates between 121.9lux and 886lux within the eight studied days. The discussed
room achieves 471lux, 886lux, and 806lux in the afternoon (04:00), which can be understood when considering the
opening on both external facades. Nonetheless, the glazed doors and cobogo elements are insufficient to provide
higher daylight levels in the morning (08:00 and 11:00 am), varying between 121.9lux and 252lux. Consequently, us-
ing cobogos on both facades could be considered excessive concerning daylight availability if this room was used as a
classroom. However, natural light is considered satisfactory for this zone, which is used mainly for passage and brief

encounters.
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Figure 4.6.28 - Daylight levels (lux) recorded on the Adm Entrance Hall during the eight studied days.
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4.6.3. AIR QUALITY
PM10
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Figure 4.6.29 - PM10 (ug/m3) recorded by spot measurements during the four studied days in all analysed spots

During the four studied hours, the highest PM10 concentrations were spotted on the second one (21st of Jan),

measured at 8 a.m. At this hour, the pollutant concentration on Avenue Corifeu de Azevedo Marques was 73 ug/m3. It
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Figure 4.6.30 - Sketch of EMEFF Amorim Lima roof plan
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indicates the amount of higher vehicular traffic close to the school. However, the results also show the negative impact
of lower dry bulb temperatures, as the 08 a.m. studied hour presented a dry bulb temperature of 20.2°C (the lowest

of all studied hours). On the worst day (21/01) of the studied spots, the worst performance was in Cora Coralina Park

PM10 - Outdoor Spots
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Figure 4.6.30 - PM10 (ug/m3) recorded by spot measurements during the four studied days on the outdoor spots.
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Figure 4.6.31 - The ground plan of the EMEF Amorim Lima with the indication of external studied points.

03, Open Classroom and Covered football court. All the mentioned spots presented higher concentration than the Av-
enue outside the site. This is contrary to the literature review in the previous chapters, which has indicated the overall
negative impact of vegetation on the concentration of particulate pollution. However, the mentioned spots with higher
concentration are areas with no application of vegetation and are open to air movement. Moreover, the mentioned
spots are further away than the Avenue and surrounded by buildings. The outcome was unexpected; however, the 21st
was the only day/hour when the wind mainly came from the southeast. The cited wind direction is against the main
school building, which could be acting as a barrier. The protection against air movement would naturally diminish the

velocities in the mentioned spots, decreasing the air quality.

The best-performing period was the 27th of January at 04 pm when the average wind velocity was 3.3 m/s. This
is one more example of the positive impact of air movement on air quality. It was a hot (24.2°C) sunny moment with
low traffic and a low pollution level on the Avenue (4ug/m3). Cora Coralina Spot 01 registered 3ug/m3 of Pm10 con-
centration, while spots 02 and 03 presented 4ug/m3 and 5ug/m3 respectively. Once more, the area without vegetation

registered worse air quality. The main wind direction at that hour was from the northeast. It could indicate that the
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particles are transported from the northeastern avenue through the buildings into spot 03. The spots with lower PM10
concentrations were the garden and open football court (2ug/m3). Both areas have no expressive wind obstructions.
A higher density of buildings between this portion of the site and the avenue could indicate further protection against

particles.
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Figure 4.6.32 - Satellite image of the EMEF Amroim site and the surroundings in the Butanta
neighborhood (Google, 2024).

On both the 20th and 22nd studied days, higher pollution concentrations were registered in Cora Coralina Park
at midday compared to the Avenue. All the park and the Open Classroom spots recorded the same level during both
hours. On the first day (20th), the concentration was 15 ug/m/3, with a 10ug/m3 concentration in the Avenue Corifeu
de Azevedo Marques. The third studied period (22nd) displayed 12ug/m3, with the avenue recording 13ug/m3. Both
hours had prevailing winds from north and east, which are less polluted areas surrounding the school’s terrain. The re-
sults presented so far illustrate how the proximity to pollutant sources and air movement will ensure similar pollution
within the terrain. More importantly, it can be stated that the densely vegetated areas can act as a trapping barrier to

particles. Allowing for the best performance of less vegetated areas protected by it. However, the mentioned trapping
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Figure 4.6.33 - PM10 (ug/m3) recorded by spot measurements during the four studied days on the indoor spots.
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aspect does not ensure that the area with less dense vegetation will not be as polluted as the connected avenue.
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Figure 4.6.34 - The ground plan of the EMEF Amorim Lima with the indication of internal studied points.

During the studied hours, a few indoor spots registered higher PM10 concentrations than the outdoor spots and
the avenue. On the most polluted day (21st Jan), the Indoor Patio, Entrance Hall, and 1st-year classroom had higher
concentrations (75ug/m3, 79ug/m3, and 75ugm/3). than the Avenue Corifeu de Azevedo Marques (73ug/m3). The
mentioned rooms are on the ground floor, directly connected to the exposed open areas. There is a reduction from
adjacent outdoors to indoors; however, it is not substantial. For example, on the 21st, from the outdoor entrance spot

to the indoor patio, the difference is only 3ug/m3 concentration. The outcomes illustrate how, at least on the ground
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floor, the air pollution outside also represents the quality indoors. On the 22nd, the upper floors saw a 40% reduction
in the pollutant concentration compared to the ground floor and outdoors. Moreover, there wasn’t a substantial differ-

ence between the 1st and 2nd floors’ studied spots. The 21st showcased a similar scenario of reduction on the upper
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floors. However, the difference was around 30% compared to the most polluted areas. Additionally, the difference was
20% compared to Cora Coralina Park spots and the avenue. Furthermore, the 20th and the 21st demonstrate constant
PM10 concentrations throughout all spots. Nonetheless, the air quality is always slightly better in the second-floor
rooms. The outcomes corroborate the expectation that the more distant (in height) from the sources, the less polluted

the area will be.
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Figure 4.6.37 - The 2nd floor plan of the EMEF Amorim Lima with the indication of internal studied points.
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Figure 4.6.38 - PM2.5 (ug/m3) recorded by spot measurements during the four studied days in all analysed spots

The trends and patterns observed for the PM10 concentrations are comparable to those of the PM2.5 measured
data. For example, as expected, the second day also had the highest pollutant concentration. The other three studied
hours also presented lower concentrations within all spots. Yet, the concentration of particles on the worst day (21st
of Jan) was lower than the PM10, with 49ug/m3 recorded on the avenue instead of 73ug/m3. The mentioned day
presented a more constant result (41ug/m3 to 50ug/m3) compared with the PM10 concentrations (62ug/m3 to 89ug/

m3). Moreover, on the 21st of Jan, the worst pollutant concentration was on Cora Coralina Park 02 with 50ug/m3, fol-
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Figure 4.6.39 - Sketch of EMEFF Amorim Lima roof plan
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lowed by the Entrance Area and Cora Coralina 01 with 47ug/m3. The PM2.5 values decrease as the spots get further
away from the primary source (Avenue Corifeu de Azevedo Marques). The indoor spots on the ground floor have bet-
ter air quality (42ug/m3), followed by those on the upper floors with 41ug/m3. The mentioned results are one more
example of the trees’ trapping capacity, creating small-screen green infrastructure within the school environment that

is as polluted as the vehicular road.
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Figure 4.6.40 -PM2.5(ug/m3) recorded by spot measurements during the four studied days on the outdoor spots.
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Figure 4.6.31 - The ground plan of the EMEF Amorim Lima with the indication of external studied points.

The fourth studied day (27th of January) showed the best PM2.5 performance in most outdoor spots (2ug/m3 to
3ug/m3). However, the entrance and Cora Coralina 01 registered the highest pollution levels within the best perfor-
mance days (20th, 21st, and 27th). The concentration mentioned was 8ug/m3, the same as the outside avenue. The
outcomes are expected as this studied hour has the highest wind velocity. Furthermore, the indoor patio and the 1st
year classrooms presented 8ug/m3, the two spaces connected with the entrance and the Cora 01. The abovemen-

tioned illustrates again how the conditions in the outdoor areas can hint at the conditions in the adjacent indoor ones.
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4.7. CONCLUSION

This chapter introduced the EMEF Amorim Lima, its areas of interest, and its main environmental characteris-
tics. Additionally, the findings indicated the school’s current environmental performance regarding thermal comfort,
daylight, and air quality within a specific period. Concerning thermal comfort, the school area with denser vegetation
(Cora Coralina Park) had the best outcomes, also considering indoors. However, the Smal Scale Green Infrastructure
within the school terrain was observed to have a more substantial positive impact with lower dry bulb temperatures.
The outcomes indicated that shading is more effective during harsher conditions than the cooling impact of trees.
Furthermore, the findings also highlighted the importance of higher air movement to increase thermal comfort. Yet,
it was illustrated that surface temperature was the most critical aspect in defining comfort. The finding indicates the

relevance of reducing mean radiant temperatures through shading over enhanced wind speeds.

Fieldwork also proved the negative impact of locating unprotected glazed openings facing direct sun, mainly
west and southern facades. The outcomes illustrated how the classrooms and other rooms with windows facing north-
west indicated the poorest thermal comfort within the indoor studied areas. The measurements conducted inside
the building also proved the importance of allowing for cross-ventilation when possible. Moreover, concerning the
visual conditions, the study also indicated the poor performance of the mentioned rooms by proving the existence
of glare in the late morning and afternoon periods. The study also demonstrated the negative impact of the densely
vegetated Park by spotting directly connected indoor rooms with insufficient daylight throughout the day. Moreover,
the mentioned finding also indicates the necessity of increasing glazed openings behind dense vegetation. Finally, the
measurements showed that using cobogos on both room facades could cause a lack of daylight while not aggregating

thermal benefits.

Regarding air pollution, represented by particulate matter (PM2.5 and PM10), the on-site measurements in-
dicated that when dry bulb temperatures are lower, the air quality decreases. Additionally, hotter, sunnier days show-
cased lower pollution levels. Additionally, the positive impact of solid barriers (boundary walls or buildings) against
pollutant sources was highlighted. The study also determined the necessity of higher wind speeds to “swipe” particles.
Furthermore, most of the outcomes evidenced the negative impact of the small green infrastructure. Some results
demonstrated pollutant levels as high as the vehicular avenue, mainly when considering PM2.5. However, research
throughout the year must be conducted to test those outcomes further. Another significant result was that the air
quality in the ground floor rooms was always similar to that of the immediate outdoor area. The finding indicates that
further study of the outdoors can be enough to determine indoor air quality performance. Finally, the rooms on the

upper floors performed better overall than the ground floor rooms.

As discussed, the fourteen days of fieldwork illustrated the current conditions of the school and surroundings
during the specifically studied period. However, until this point of the study, there is no understanding of the school’s
performance during different seasons. The statement indicates the necessity of studying Amorim Lima further over
the climatic changes of a year with a focus on the hottest and coldest periods. At this point, it is also necessary to
study thermal comfort using more accurate tools to quantify it. To achieve the mentioned goals, analytical work was
introduced and conducted. The analytical study’s specific objectives, method, and results will be presented in the next

chapter of this doctoral research.
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5. CASE STUDY:
ANALYTICAL WORK

EMEF AMORIM LIMA'S PERFORMANCE OVER A YEAR.

5.1. INTRODUCTION

This chapter is dedicated to the digital analysis of the public school EMEF Desembargador Amorim Lima, the central
case study for this doctoral research. It was stated in the previous chapter that the conclusion achieved refers uniquely
to a determined portion of a year. The fieldwork happens in January and March, both summer months. More precisely,
the study focuses on only fourteen days. Each of the mentioned days was represented by a point-on-time measure-
ment conducted during 08:00 am, 11:00 am, 04:00 pm and 06:00 pm. Thus, to complete the assessment of the school’s
performance, considering a typical year, the study initiated through fieldwork moves to an analytical exercise across

different seasons, with a focus on summer and winter.

The chapter begins by clearly stating the objectives and the need for a comprehensive study beyond the previously
conducted point-in-time measurements. The methods used are then detailed, highlighting the selection and justifi-
cation of the computational programs. A comprehensive literature review of ENVI-met® is also presented, explaining
its uses, key features, and operation. The main results of the various analytical exercises are presented and discussed,
leading to a holistic understanding of the performance of EMEF Amorim Lima. This and the previous chapter provide
a detailed environmental analysis of a public school’s environment, whth focus on its architectural and green compo-
nents within the context of Sao Paulo. This chapter is crucial to inform and guide the development of the main exercise

of this doctoral research, presented in the next chapter.
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5.2. OBJECTIVES

This work aims to build a comfort and health performance indicator for EMEF Desembargador Amorim Lima. The
study is conducted in a typical microclimatic year in the school’s specific region. If needed, the study aspires to start
the conversation for significant improvements to the school’s current design. Moreover, the specific objectives of this

chapter are:

e Demonstrate in more detail the impact of the built and vegetated environment by quantifying human thermal
comfort and air quality.

¢ Indicate the indoor thermal performance of the school building throughout each season.

e Showecase a more in-depth understanding of the studied space’s air pollution concentration and dispersion
patterns. This helps to clarify the air quality relation with the site’s existing greenery and architectural composition.

e Understand the impacts of green and architectural elements on thermal comfort and air quality within the
EMEF Amorim Lima context.

Continuing the fieldwork, this section focuses on two leading indicators: air quality conditions and the site’s ther-
mal characteristics. The mentioned factors indicate human health, well-being, and comfort. The human comfort eval-
uation section has the aim to define which outdoor areas perform well throughout the year and highlight which areas
perform better, specifically in each season. However, this chapter’s primary distinction from the previous one is its
intention to have a cumulative quantification of the parameters studied before instead of point-in-time measure-
ments. Furthermore, the objective is to analyze the entire site’s performance instead of individual spots. This study
aims to quantify the perception of human thermal comfort instead of only quantifying microclimatic conditions as an
indication of comfort, as was done in the Fieldwork chapter. Another intention of this chapter is to showcase how the
building’s orientation impacts the amount of radiation accumulated on the facades. Additionally, how different facade
treatments can define the quantity of radiation transferred to the indoor areas. Hence, the simulations aim to prove if
openings and materials are used in the appropriate locations in terms of environmental requirements. The studies con-
ducted in the school’s outdoor areas also aspire to be used as indicators of indoor performance, trough assumptions

of those spaces’ thermal and air quality conditions.

The analytical research mainly aims to substantiate the outcomes of the fieldwork process. For example, it aims
to confirm the overall poor performance of the school’s vegetated areas concerning pollutant particle concentrations.
Another objective is to prove the importance of air movement and sunny, hotter days for air quality enhancement.
The interest in also comparing the air conditions in areas of the school with and without vegetation. Observing which
vegetated elements and architectural aspects of the site affect the dispersion and concentration of pollutants alters the
air quality of the studied space. The cited observation of the individual elements’ performance leads to the case study’s
final and most important objective: identifying which architectural and SGI components need further evaluation in dif-
ferent contexts. Also questions raised about the performance of the mentioned elements are essential to guide what

needs to be answered in the following chapter.
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5.3. METHODS

Two main methods evaluate the EMEF Amorim Lima’s performance over a typical year. One focuses on building
assessment, focusing on facades, while the other is dedicated to outdoor study. Consequently, the chapter is divided
into two main groups of exercises: the Building Solar Geometry Study and the Outdoor Thermal Comfort and Air Qual-
ity Study. The chapter used different analytical methods to develop the research on the school’s performance. The
methods used in a few evaluation softwares are explained below. More than one software and several environmental
performance indicators are necessary to understand the school’s annual environmental characteristics fully. A complex
and detailed awareness of EMEF Amorim Lima’s performance throughout the year is a gap in knowledge concerning

public schools in Sao Paulo.
5.3.1. SOLAR GEOMETRY STUDY

The first exercise group is related to the solar exposure of the school building and is developed through accumu-
lative sun radiation simulations. The analysis is designed and completed through the Rhinoceros®, an architectural
modelling program. Alongside the graphical algorithm editor of Rhinoceros®, called Grasshopper®, is used with the
Ladybug® plug-in. The cited program is built to simulate the building’s performance and help during the design pro-
cess. It depends on external simulation engines, such as EnergyPlus®, OpenFoam®, and Radiance® (Bazafkan, Pont, and
Mahdavi, 2019). The workflow that needs to be followed for the Ladybug® simulations is also available at Bazafkan,
Pont, and Mahdavi (2019). The plug-in can also be applied to evaluate existing buildings. Chiesa and Li (2021), Fukuda
and Hiroatsu (2016), Natanian and Aleksandrowicz (2018), Soflaei et al. (2020), and Touloupaki and Theodosiou (2017)
are examples of studies that have used the discussed computational programs as research methods. Alammar, Jabi,
and Lannon (2021), Peters and Peters (2018), and Vasigh and Shiri (2021) are examples of explicitly using solar radiation
analysis as a study method. The solar irradiation simulation is conducted on the building’s envelope. However, the en-
velope outcomes help suggest overheating risks within the schools’ indoor environments. The mentioned method was
used before by other studies focusing on buildings™ thermal performances (Bakos and Schiano-Phan, 2021 and Peters
and Peters, 2018).

The first step of the analysis is to develop a 3D model of the school with all the existing components that could
obstruct solar irradiation. In addition to the school building, trees, boundary walls, and surrounding buildings were also
modelled. Moreover, more complex components, such as trees, were constructed in simplified versions. To initiate the
solar geometry evaluation of the specific site, a 3D solar diagram is simulated, as will be shown in the results section.
The analysis clarifies the sun’s path over a year, highlighting more and less exposed outdoor areas and facades. After-
wards, the sun irradiation analysis focuses on accumulative radiation over the year (kWh/m2). Consequently, the simu-
lation shows the entire amount of solar radiation that falls on each facade of the primary school building. A weather file
with Sao Paulo’s climatic data is used to create the simulation. The data includes direct and indirect radiation, sunlight,
wind speeds and directions, humidity, and other climatic information. Moreover, the information is derived from the
weather database software Meteonorm® v.7.2. Finally, the simulated solar irradiance is demonstrated through colour-

ed diagrams on the studied surfaces.
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Figure 5.3.01 - Diagram of the Rhinoceros® model used for the sun irradiation simulation, separating the representative vegetation from the
studied building.
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5.3.2. THE ENVI-MET®

ENVI-met® is a microclimate simulator software crucial for developing this doctoral research. The program is the
primary method for developing the second and later discussed group of exercises, in addition to the analytical study
in the following chapter. Moreover, it is available on the company's official website (ENVI-met, 2019) and is a 3D CFD
(Computational Fluid Dynamics) (Borna and Schiano-Phan, 2020 and Shinzato, 2014). ENVI-met® can define the envi-
ronmental conditions based on calculations of solar energy gains and pollutant particle dispersion, concentration, and
chemical reactions (Bruse, 2004). In summary, the software was chosen due to its capability to calculate complex iter-
ations between surfaces, vegetation, and atmosphere (Tsoka, Tsikaloudaki, and Theodosiou, 2018). As a result, it can
provide an extensive range of environmental outcomes. The works referenced above, in addition to Jin et al. (2017),
Ferreira (2019), Gusson and Duarte (2016), and Spangenberg et al. (2008), are a few examples of researchers that used
ENVI-met® as a method to evaluate existing environmental conditions on different cities of the globe, including Sao

Paulo.

TOOLS AND WORKFLOW

The software is comprised of several tools, including Spaces®, Albero®, Database Manager®, ENVI-guide®, EN-
VlI-core®, BIO-met, and Leonardo®. Spaces® is a digital instrument for modeling and editing the built environment,
possibly applying different facade and roof materials, and locating vegetation elements. The tool also applies pollution
sources, soil types, and pavement materials while defining the study’s location and north orientation. However, the
Database Manager® tool constructs all the above elements while presenting a pre-defined database of materials that
can be edited if needed. The tool allows for the pollutant concentration level, height, and dispersion patterns within
24 hours to be defined. Additionally, the database library allows users to choose the greenery elements considered
“simple,” such as hedges, grass, facade greenings, and even plantations like soy (image 03). The seasonal profile of
the vegetation can also be defined. Moreover, the software allows for a more detailed design of the model’s natural
features through the Albero® tool. The tool is dedicated to trees but could also be used to construct complex hedges
and living wall elements if needed. The tool defines vegetation LAD (leaf area density), height, and spatial organization
of leaves and stems. Additionally, the instrument provides the opportunity to select the vegetation leaf’s seasonal
patterns, as the Database Manager® does. However, being a more complex tool, the patterns are defined over a year

through a monthly calendar (figure 5.3.04).
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Alongside the modeling tools previously exemplified, ENVI-met® also comprises a climatic conditions input tool
called ENVI-guide®. The mentioned digital instrument allows for the definition of the simulation’s times and dates. The
tool permits the use of EPW with climatic data to be inputted. Still, it is also possible to manually establish the climatic
conditions through “full-forcing”, such as relative humidity, dry-bulb temperature, cloud coverage levels, wind speeds,
and main wind directions. Additionally, the manual application of climatic conditions allows for the highest and lowest
dry bulb temperatures and relative humidities to be placed at specific hours of the day (figure 5.3.05). Furthermore,
in addition to the tools for climatic conditions, there are those used for running the simulations themselves, such as
ENVI-core® and BIO-met®. The first runs the overall complex simulation, while the second is a complementary tool for
specific analysis. For example, BIO-met® calculates the complex thermal comfort indexes as UTCI and PET. This digi-
tal instrument establishes the clothing levels, body parameters, and human metabolism characteristics. Age, gender,
and even body position (if lying, sitting, standing, or moving) can also be edited in this tool for the calculations (figure
5.3.06). Finally, Leonardo® is the device within the software where the digital analysis results can be post-processed
and visualized. The tool mentioned informs climatic and air quality conditions for each hour and each height of the spa-
tial environment studied. The results are presented through color index 2D graphs, as shown in this doctoral research’s
results sections. Additionally, 3D images and animations of, for example, wind and pollution patterns can be generated.
The information discussed above concerning ENVI-mets®’s different instruments is available on the software website
(ENVI-met GmbH, 2024).
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MAIN CALCULATIONS

The software functions through numerous equations dedicated to each simulation aspect, housing different disci-
plines, such as thermodynamics and plant physiology, fluid dynamics, and soil science (ENVI-met GmbH, 2024). Most
formulas can be found in ENVI-mets®’s founder, Michael Bruse’s PhD Thesis (Bruse, 1999). However, throughout the
years, with model updates, which are now on the ENVI-met® version 5.6 (Bruse, 2023), the calculation suffered chang-

es. For example, in 2004, the mean airflow equations were modified. Moreover, according to Bruse (2004a):

“The three-dimensional turbulent airflow in the model is given by the non-hydrostatic incompressible Navier-Stokes equations:
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where f (=104 sec-1) is the Coriolis parameter, p is the local pressure perturbation and 0 the potential temperature at level z. The
reference temperature Oref represents the larger-scale meteorological conditions and is calculated as an average temperature over

all grid cells of height z, excluding those occupied by buildings.”

Additionally, the software uses the following equations for humidity and temperature:
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where 8 is the air temperature, q is the specific humidity and Qh and Qg are “used to link heat and vapor exchange at plants with the
atmospheric model.” Also, “ORn,lw/dz is the vertical divergence of longwave radiation taking into account the cooling and heating

effect of radiative fluxes” (Bruse, 2004a, p. 02).

The mean radiant temperature is another essential component analyzed in this doctoral research. According to

Sinsel et al. (2022):

Mean radiant temperature Tmrt [°C] represents the radiative heat load a standing human body receives as a parametrized temperature-di-
mension index (Fanger, 1972; Kantor and Unger, 2011; VDI, 2008). From received radiative fluxes (Sstr), the emissivity of the human body — being
equal to the absorption coefficient for longwave radiation according to Kirchhoff’s law (ep = 0.97) —, and the Stefan-Boltzmann constant (o = 5.67

¢ 10-8Wm-2K-4), a temperature can be calculated that represents a human body’s heat load.

Tore = “/sm/(sp o) —273.15

Furthermore, the calculation of mean radiant temperature in ENVI-met® was (Bruse, 1999 and Huttner, 2012, as cited

by Sinsel et al., 2022):
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Also, according to Sinsel et al. (2022):

Incoming longwave (L) and diffuse solar as well as diffusely reflected global radiation (D) are based on both object/sky view factors,
that are representing the upper hemisphere, and ground surface properties, that are representing the lower hemisphere, which are
thus weighted by 50% each. The accordingly needed properties for calculating emitted longwave and reflected shortwave radiation,
such as temperature, emissivity, and reflectivity, are averaged over the whole model domain. The projection factor (fpENVI) after
Underwood and Ward (1966), which accounts for the surface being exposed to direct sunlight depending on the solar altitude angle

(B), is defined in Eq. 5:

fpenvi = 0.42 ¢ cos(B) + 0.043 « sin (B)
However, after version 5.0 of ENVI-met® was implemented, the reflected shortwave radiation and longwave are now
considered (Huttner, 2012 Simon et al., 2021, as cited by Sinsel et al., 2022). The mentioned alterations related to the
new IVS radiation scheme form the equation:

VF
QSec,Object,in(i'j’ k) = z w(a)- Tyeg (a)- QSec,Object,out

a=1
“To calculate these so-called secondary radiative fluxes (QSec) for a grid cell (i, j, k) in IVS, the individual contribution of
objects (w) is weighted by the angle (a) of a view facet (VF), altered by the vegetation transmission factor (tVeg), and
then summed up” (Simon et al., as cited by Sinsel et al., 2022).

VF

QSec,Object,in(i;jr k) = Z w(a)- Tyeg (a)- QSec,Object,out

a=1
Finally, as previously established, this chapter focuses on the “Universal Thermal Climatic Index” (UTCI), the newest
human thermal comfort index (Win 2001, as cited by Huttner 2012). UTCI was first integrated in 2013 on version 4.0
of ENVI-met®. The index calculation within the software is limited to a wind speed range of 0.5m/s to 17m/s on a 10m
height. The equation used by BIO-met® is:

In(10/20)

Wind = —_—
Hidrom In(zlevel /z0)

- Windeper
where Windzlevel is the calculated local wind speed within the model domain at the pedestrian level (zlevel) (ENVI-met

GmbH, 2021).

Concerning vegetation calculations and air quality, numerous equations and models intend to establish the equiv-
alent behavior between modeled and actual vegetation. For example, in 2004, an update on the model for stomatal
behaviors, including the effect of short-term and long-term variations, was published (Bruse,2004b). In more detail,
the stomata are the vegetation pores that allow gas exchange, essential for the CO2 absorption and oxygen production

cycle (Fricker and Willmer, 2012). Moreover, ENVI-met® uses the equation:

ATL
1.6 ———
gS— CS _ Cl
“where An is the net photosynthesis rate, Cs and Ci are the CO2 concentrations at the leaf surface and inside the leaf,
and the factor 1.6 results from the differing diffusivity of CO2 and H20 in the air” (Bruse, 2004b). However, as previ-
ously explained, particulate matter concentration and dispersion are the focus of this doctoral research regarding air
quality. Regarding the mentioned topic, as previously mentioned, the particles can be inputted for each studied hour.

According to Bruse (2007):
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“To implement this, each source is defined by 24 values representing the emission rates q(h) for each hour h [0-23] of the day. The

actual emission rate for an hour h and a minute m [0-59] is then linearly interpolated as:

60
qth,m) =

-m m
6—-q(h+1)

q(h) +
0 1MW+
After hour h=23 the calculation restarts with h=0. The frequency of updating the emission rate can be selected by the user and should

normally be around 10 min.

Concerning sedimentation and deposition of particles and the relation to leaf area density of the modeled vegeta-

tion, the “flux of particles towards the leaf surface (Xplant) can be written as:

Xplant(Z) = LAD(X, Y, Z) ' fcap ) vs ) .X(Z)

LAD is the leaf area density (counted on one side), and fcap is the leaf filtering capacity, which varies according to the
leaf’s cleanliness. For the calculations, the fcap is always considered 1, equivalent to a clean leaf. Additionally, x, y, and
z are the cartesian coordinates within the model (Bruse, 2007). Moreover, the total pollutant balance as a result of

deposition and sedimentation is demonstrated as the following equation:

0x(2)
ot

= XL(Z) +X1(2) - Xplant(z)

0 is a partial derivative, while “X is the local particulate matter concentration used in the pressure-independent Sl-unit

[mg(X)kgi1(Air)]”. For the total amount of particle mass deposed on a leaf surface, the equation is:

mplant — (Z) . ; - e

“with p being the density of air (=1.29 kgmi3)”. It is essential to establish that ENVI-met® does not consider particle
resuspension (Bruse, 2007). Finally, more specifically concerning the pollutant dispersion calculation, a standard advec-

tion-diffusion equation is applied (Bruse, 2007, as cited by Huttner, 2012):
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“where X denotes the gaseous or particulate atmospheric component under investigation, and Q and S describe its
source and sink terms (sedimentation or chemical transformation). The unit of X is [mgkg-1]” (Huttner, 2012). Finally,
as previously mentioned, there are two forms of modeling vegetation in ENVI-met®. The implementation of a more
complex method, an equation that calculated effects at leaf scale, was integrated (Bruse and Simon, 2015, as cited by
Simon, 2016):

sum

sum f f f LAD(%,9,2) * Pajy trans (%, v, 2)dxdydz
c(XY,2)

Jsumtrans is the total sum of transpiration of the tree canopy in [g(H20) s-1]. C (X, Y, Z) is the three-dimensional space
of the tree crown. LAD is the Leaf Area Density inside the crown. if,trans is the local transpiration flux at the leaf scale

and \rhoa is the air density (Simon, 2016).
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5.3.3. OUTDOOR THERMAL COMFORT AND AIR QUALITY STUDIES

The second group of analytical exercises is chosen to achieve this chapter’s outdoor thermal comfort and air quality
study objectives. The method for this section of the EMEF Amorim Lima study also follows the logic of a typical year
assessment. However, unlike the sun radiation simulation, specific days are studied rather than simulating a year’s
accumulative result. Considering the time frame for this exercise, the amount of data to be post-processed, and the
time required for the simulation process, it would be unrealistic to simulate one full year. Moreover, it is essential to
remember that this exercise focuses on evaluating the present conditions of the Amorim Lima School. Consequently,
more in-depth examinations of the relationship between architectural elements and small-scale green infrastructure

within other weather conditions are examined in more depth in the following chapter.

Sao Paulo can showcase significant average differences between seasons for a tropical city, mainly in summer and
winter. However, the variations between seasons are not as expressive, considering that even during winter days,
air temperatures could reach over 20°C. The data is collected from the climate analysis Excel table produced by Dr
Juan Vallejo, and its information is collected from the weather data file SaoPaulo_2005-hour.epw. According to the
mentioned source, the lowest mean average temperature of the year is in July: 16.65°C. The highest mean average
air temperature is registered in February, being 22,9°C. July showcases a mean maximum dry bulb temperature of
21.42°C, while in February, it is 26.94°C. Additionally, the weather data file used to run the simulations was analysed
to contextualise the results established in the next section. The evaluation was done with the online CBE Clima Tool
(Betti et al., 2023), generating the climatic data summary for Sao Paulo city. The graphs plotted are the annual dry
bulb temperature (figure 5.3.07) and the DBT for February (figure 5.3.08) and July (figure 5.3.09). Furthermore, two
climatic profiles are manually built in ENVI-met based on the previously discussed conditions in addition to data from
the Weather Spark website. One climatic profile references the mean air temperature and humidity conditions during
summer, while the other references winter conditions. For example, the maximum air temperature applied on the

representative summer day is 27°C at 04:00 pm, and the lowest is 19°C at 06:00 am. The winter day maximum input

Figure 5.3.07 - Annual DBT for the city of Sao Paulo plot, from EPW file (CBE Clima Tool, 2023)

Figure 5.3.08 - February DBT for the city of Sao Paulo plot, from EPW file (CBE Clima Tool, 2023)
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Figure 5.3.09 - Annual DBT for the city of Sao Paulo plot, from EPW file (CBE Clima Tool, 2023)

is 21°C at 03:00 pm, and the lowest is 13°C at 06:00 am. Regarding the wind characteristics of the site, the velocities
and orientations do not change between the summer and winter days. Moreover, sky conditions remain the same be-
tween most of the studied days (sunny and unobstructed) to showcase the impacts of direct sun radiation. Even though
simulations were developed for two days (summer and winter), four specific periods were analyzed more profoundly
within the outcomes. The time was the same as the fieldwork was done: 08:00 am, 11:00 am, 04:00 pm and 06:00 pm.
Additionally, it is essential to point out that the results were analyzed from 1.50m height above the ground, considering
the average size between the school users (younger kids and adults). The studied height is also defined as following the

method in the previous chapter (fieldwork) due to information from Oke (2006).

For this exercise, the school and building contexts are modeled in ENVI-met®, mimicking the studied area’s current
environmental and built characteristics. The grid used is of one meter (x,y, and z), which creates a domain of 270 x 400
grids. Moreover, the vegetation typologies (trees, hedges, and grass), diverse leaf area densities (LAD), and heights
are also imitated as much as possible in the model. The building's facade elements and materials are also represented
in the model. The mentioned natural and built elements are carefully selected to represent the site’s characteristics,
being chosen on the ENVI-mets®'s database or built from scratch. For example, the perforated red brick covered by
cement plaster is the main constructive element for the school building walls. Moreover, its characteristics are built

into the database. Additionally, a material composed of metal and insulation is built to represent the galvanized roofs

Figure 5.3.10 - ENVI-met® workspace, showing which surrounding buildings were considered. In addition to applied grass, trees and hedges.
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that cover the school buildings. Concerning surrounding areas outside the site, the construction element is the same
perforated red brick. It is a standard construction method in Sao Paulo; no specific details are considered. However,
all surrounding greenery is added with all observed characteristics, as it could impact the particle distribution and

concentration of the studied site.

As mentioned in the ENVI-met® characteristics section, the existing vegetation is emulated in the software using
the Database Manger® and Albero® tools (built within ENVI-met®). The characteristics considered for developing the
trees in this model are the approximate height, crown diameter, LAD (leaf area density), and typology. Albero® recog-
nizes, by default, two different tree types, deciduous and coniferous, chosen as the base for constructing the Amorim
Lima model trees. The software also presents two different LAD scenarios: High and low. Both configurations are used
in the model depending on what is observed through the pictures and on-site. It is essential to state that in Sao Pau-
lo, the trees do not suffer an extreme change in leaf area density throughout the year. Naturally, the characteristics
discussed are considered when building the threes and their behavior patterns in the software. Furthermore, as pre-
viously discussed, the second section of the analytical study is dedicated to establishing perceived comfort in EMEF
Amorim Lima. Therefore, the selected indicators for the analysis are mainly Radiant Temperatures (MRT) (°C) and the
Universal Thermal Climate Index (UTCI). The UTCI is related to the body’s perception of the thermal characteristics of
the environment, and it depends on MRT values, wind speed, and humidity, expressed as relative humidity or water
vapor pressure (Btazejczyk et al., 2013). According to Blazejczyk et al. (2012), the UTCl is better than other indices due
to its ability to express slight differences in meteorological stimuli intensity. Furthermore, a study developed by Park,
Tuller, and Jo (2014) defined the UTCI as having great potential to analyze possible human thermal effects of landscape
and urban design. Moreover, Brode et al. (2011) indicated that UTCI could be suitable for studying urban thermal com-

fort in sub-tropical regions.
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In addition to thermal conditions, health through air quality is encompassed in this study section. As explained in
the Small-Scale Green Infrastructure chapter, the different typologies can absorb gaseous pollutants through stomata
and remove particles by deposition, affecting the air quality conditions directly (Janhall, 2015; Van den Berg et al.,
2015; Salmond et al., 2016; Livesley et al., 2016; Abhijith et al., 2017; Buccolieri et al., 2018 and Rui et al., 2019). For
that reason, the dispersion of PM2.5 and PM10 (ug/m3) arising out of the primary sources into the school’s outdoor
and indoor spaces is simulated in the analytical exercise. Furthermore, as previously mentioned, ENVI-met® allows
manually adding pollution sources within the workspace. Therefore, the pollutants input into the software are based
on data collection from the Technology and Environmental Sanitation Agency of Sao Paulo’s state, CETESB, air quality
report (CETESB, 2021). The daily air pollution bulletin also developed by CETESB (CETESB, 2019), the air quality web-
site’s index map (Purelogic Labs India Pvt Ltd, 2020), and the real-time air quality index map produced by the World
Air Quality Project (The World Air Quality Index Project, 2020) are also considered. Finally, to input pollutant particles
into the software’s workspace, PM10, and PM2.5 sources are applied over the traffic lanes adjacent to the school. The

considered height is 0.4m to mimic traffic-induced pollution, as seen in Rui et al. (2019).

i
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Figure 5.3.11 - Pollution source spatial input into ENVI-met®



5.4. RESULTS

5.4.1. SOLAR GEOMETRY STUDIES

The sun path diagram establishes the studied site’s spatial location concerning sun movement throughout the
year. It illustrates how, in Sao Paulo (southern hemisphere), the sun rises to the east, moves to the north, and sets to
the west. The earliest it rises is at 5:10 am and the latest at 06:55 pm, occurring during summertime. The latest sun-
rise and earlier sunset naturally happen in winter, 06:50 am and 05:25 pm. This indicates that sunlight and radiation
are available most of the day throughout the entire year. Thus, most of the school day activities happen while there is
natural light and radiation. The sun path diagram also illustrates that the sun can rise in the southeast and set in the

southwest during some peak summer days.

Figure 5.4.01 - Sunpath diagram of the Sao Paulo city, within the context of the EMEF Amorim Lima model.
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Figure 5.4.02 - North/northwest view of the solar radiation simulation diagram.

Figure 5.4.03 - South/southeast view of the solar radiation simulation diagram.

In the solar irradiation simulation, as expected from the sun path diagram analysis, the southern facades of the
building showcased lower radiation levels in open areas than the north-oriented ones. Hence, on unobstructed por-
tions, the highest amount of solar radiation accumulated in one year is 600 kWh/m2, while the northwestern facade
collects over 1,000 kWh/m2 (40% more). The southeastern front area, closer to Cora Coralina Park, presents annual
accumulative radiation levels between 100 to 200 kWh/m2, even on the first and second floors, due to the tree's ob-
struction. It is essential to remember that the trees were built as solid elements in the model, which does not corre-
spond to the reality of vegetation. The conventional tree porosity would probably allow higher solar radiation levels to

accumulate on the facades behind it. The opposite side of the southeastern facade, connected to the non-vegetated

144



area of Cora Coralina Park, has no obstruction to the east and northeast sun. Therefore, it showcases accumulative

radiation levels 10 to 20% higher than the surfaces obstructed by trees.

All main building facades have 100cm overhangs on each floor. The southeastern and northwestern facades have
additional vertical elements, 50cm deep, approximately every seven meters. Furthermore, the areas closer to the men-
tioned architectural features showcase accumulative radiation levels below 100KWh/m2, a reduction of 80% compared
with northwestern surfaces. The cobogos on this facade have only 20cm x 0.5cm openings, creating massive panels.
However, most of the southeastern facade, where the cobogo is applied, had up to 300kWh/m?2 of solar irradiation
incidence. The low solar radiation levels, open cobogos, and the constant possibility of air movement could indicate
thermal discomfort indoors in colder periods. Moreover, a portion of the facade is exposed to the morning (east) sun,
demonstrating radiation levels up to 600kWh/m2; the radiation level is still insignificant. Additionally, the morning sun
happens on lower dry bulb temperature periods of the day. Consequently, the cobogo would not be necessary, even

in this portion of the fagade.

Figure 5.4.04 - View of the southeastern fagade with solar radiation simulation diagram.

Overall, concerning the southeastern facade, results suggest a lack of heat gains through radiation, enhancing
comfort indoors during warmer periods. However, the number of shading elements on the mentioned facade is unnec-
essary and can cause thermal discomfort in colder periods of the year. Additionally, the facade treatment is a missed
opportunity to have unobstructed openings to maximize useful daylight indoors. The excess of shading indicates un-
necessary levels of daylight entering the spaces. Zani et al. (2018) have indicated how the direct sun radiation falling
into the human body can lead to unacceptable levels of thermal discomfort, consequently decaying human health and
reducing productivity and learning proficiency. However, as mentioned, the entire southeast facade receives sun only
during the morning when temperatures are usually lower, and the direct radiation probably doesn’t negatively impact
human comfort. On the indoor patio, as noticed in the fieldwork, the daylight situation and lack of solar heat gains are
worse than in first and second-floor classrooms. The conditions mentioned above are justified by the indoor patio’s

openings being obstructed by the building geometry and the cobogo elements.
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Figure 5.4.05 - Picture of the northwestern facade, showing existing trees.

Figure 5.4.06 - View of the northwestern fagade with solar radiation simulation diagram.

On the Northwestern fagade, the unobstructed areas presented annual accumulative radiation levels over 900KWh/
m2. The 100cm overhangs showcased on the southeastern facade are also part of the Northwestern one. It generates a
90% reduction in solar radiation in the fagade’s higher areas (closer to the elements). In addition, high trees with siza-
ble crowns are planted close to the facade, causing declining radiation and light availability (image 07). However, most
of the northwest-oriented front on the first and second floors shows annual accumulative radiation of over 800KWh/
m2. Most of the Northwestern fagade is composed of glazed windows. Additionally, it receives direct sun during the
day’s portion with higher air temperatures (end of morning and afternoon). Furthermore, the cited parts of the day
correspond to the hours students and teachers use the classrooms. Therefore, the outcome indicates possible human
thermal discomfort within the upper floor's classrooms through solar and internal heat gains. However, those gains
could be used to enhance human comfort during winter. The results corroborate the fieldwork findings regarding the
existence of glare and thermal discomfort. Again, it is possible to see all the northwest-oriented apertures of the indoor
patio (ground floor) protected by the building’s geometry, with solar radiation levels 50% to 80% lower than what was
spotted on the exposed walls. The cited outcomes are additional evidence of the lack of available light on the indoor

patio, which also happens because of the expressive footprint area of the room.

The Northeastern wall of the three storage buildings is also profoundly exposed to the sun, presenting areas with

over 800KWh/m2 of annually accumulated radiation. Still, the only existent openings on the cited facades are small and
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protected by the typical overhang, which reduces the accumulative radiation levels to only 150KWh/m2 on the glazed
surfaces. Nevertheless, it is crucial to consider that radiation is being transferred indoors through the wall, adding to
the heat gains of the classrooms. The Southwestern walls receive the last hours of direct sun, showcasing the lowest
radiation levels. Thus, the unobstructed area’s highest accumulative radiation amount was 600KWh/m2. The first-year
classrooms on the ground floor are southwest-oriented, and Cora Coralina Park’s trees obstruct their facade, which has
a 100 kWh/m2 radiation outcome. The mentioned characteristics, combined with the small, glazed apertures of the
room, indicate the lack of sufficient daylight during the year. However, the classrooms may be the most comfortable

during winter due to reduced internal heat loss.
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5.4.2. THERMAL COMFORT

On the emulated summer day at 08:00 am, the dry-bulb air temperature input is 22°C on the EMEF Amorim
Lima's site. In winter (08:00 am), the air temperature is defined as 16°C. As expected, on both days at 08:00 am, the
potential dry-bulb temperature within the studied domain is constant. Within the site’s boundaries, the hour with
22°C had air temperatures of 20.5°C to 21.85°C. The cold day (16°C) was between 15.5°C to 16.5°C. Furthermore,
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Figure 5.4.07 - Potential Air Temperature (°C ) at 08:00 am in the studied area on the summer day.

L

Figure 5.4.08 - Potential Air Temperature (°C ) at 08:00 am in the studied area on the winter day.

at 8 am, the mean radiant temperatures were higher in the site’s vegetated areas (SGls) than in the paved zones on
both summer and winter days. On the summer day, vegetated zones had a mean radiant temperature of 15°C to 18°C.

While non-vegetated ones showcased an MRT of 9°C to 10°C. In the winter studied period, the zones with greenery
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had a mean radiant temperature of 10°C to 13°C and the paved areas showed 6°C to 9 °C. The periods when dry bulb
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Figure 5.4.09 - Mean Radiant Temperature (°C ) at 08:00 am in the studied area on the summer day.

temperatures are lower are summer and winter at 06 pm and 08 am, and winter at 11 am. In the mentioned periods
the mean radiant temperatures demonstrated the same pattern of increasing in the vegetated areas. For example, at
11:00 in winter (17°C air temperature), areas without vegetation displayed mean radiant temperatures of 2°C to 5°C
degrees lower. Hard pavement materials are effective in storing heat from direct sun radiation. However, the results
suggest that the mentioned heat is also quickly released, while grass and soil surfaces can make it take longer. Con-

sequently, the outcomes indicate that the vegetated areas have higher temperatures in colder periods of sunny days.
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Figure 5.4.10 - Mean Radiant Temperature (°C ) at 08:00 am in the studied area on the winter day.
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The assumptions above are corroborated by the mean radiant temperature results at 04 pm in summer. At this hour,
the vegetation in the area presented MRTs of 30°C to 42.5 °C. Still, the exposed hard pavement spaces showed 40°C
to 50°C. This period shows an inversion compared to the previously mentioned colder studied hours. The outcome is
explained when considering that at 04 pm the areas have been exposed to sun radiation most of the day. Consequently,

the heat is being stored and transferred to the environment. It confirms the negative impact of unobstructed paved

areas on sunny days.
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Figure 5.4.11 - Mean Radiant Temperature (°C ) at 04:00 pm in the studied area on the summer day.
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Concerning the universal thermal climate index (UTCI), it is essential to establish that 9°C to 26°C does not repre-
sent thermal stress (Btazejczyk et al., 2013). However, it is possible to affirm that in a tropical city such as Sao Paulo,
users could feel slight cold stress when experiencing temperatures below 15°C. Furthermore, the outcomes at 08:00
am in summer show that the sensed temperature in Cora Coralina Park (area with tall trees) was 21°C to 22°C, and the
lower greenery and grass area showcased between 20°C to 22°C. Lastly, the paved area perceived temperature was
19°Cto 21°C. During winter, at 08:00 am and 11:00 am, the temperature sensation was 13°C to 15°C on the paved open

spaces, which could be considered slight cold stress for users in Sao Paulo.
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Figure 5.4.12 - UTCI (°C ) at 08:00 am in the studied area on the summer day.

150



below 8.00 °C
8.00 to 9.00 °C
9.00 to 10.00 °C
10.00 to 11.00 °C
11.00 to 12.00 °C
12.00 to 13.00 °C
13.00 to 14.00 °C
14.00 to 15.00 °C
above 15.00 °C

LM ;

Min: 7.53 °C
Max: 15.90 °C

Figure 5.4.13 - UTCI (°C ) at 08:00 am in the studied area on the winter day.

The results emphasize what was discussed before regarding the mean radiant temperatures surrounding paved
and vegetated spaces: the non-vegetated areas absorb heat and release it faster during night periods. On the other
hand, in areas with grass and trees, the heat takes more time to be released. Moreover, the Cora Coralina Park areas,
which have tall trees, conserve even more heat due to the protection from the night sky (low sky view factor). The
previously discussed process illustrates how areas with small green infrastructure are slightly more comfortable due to
higher temperatures, as shown in the UTCI outcomes. At 11:00 am, the dry-bulb air temperature was 23°C on the sum-
mer day within the school’s site. Besides, it is not possible to spot a significant mean radiant temperature difference
between vegetated and non-vegetated zones. Some spots of Cora Coralina Park (with tall trees) presented an MRT of
over 40°C, also showcased in paved areas. At the discussed point in time, grass and small vegetation areas showed 19°C

to 20°C MRT. Even though the air temperature difference between 08:00 am and 11:00 am was only one degree, the
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Figure 5.4.14 - Mean Radiant Temperature (°C ) at 11:00 am in the studied area on the summer day.

mean radiant temperatures are expressively different. The mentioned result suggests that higher solar radiation levels
in the later morning increase the surface temperatures and, consequently, the MRT. Additionally, the higher sun angles
at 11:00 am are probably accessing more areas of the school site without the building context obstruction. At the time
and day discussed, the only regions displaying MRTs below 17°C were the small areas between buildings or boundary
walls. The previous outcome exemplifies how solid protection against direct sun radiation on some occasions is the

best strategy for reducing higher temperatures.
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Figure 5.4.15 - UTCI (°C ) at 11:00 am in the studied area on the summer day.

The UTCI outcomes for the same period (11:00 am, summer) showed lower perceived temperatures on small-
er spaces between buildings or boundary walls. The mentioned temperatures were 20°C to 21°C, representing no
thermal stress, which was the comfort indication for most of the site, mainly showcasing 22°C to 25°C. However, it is
essential to point out that the hotter areas (31°C to 32°C) were the open, non-vegetated, paved spots. Furthermore,
UTCI outcomes indicate that staying in all the school’s recreational areas in the late morning is generally comfortable,
even with the high MRT previously showcased. The air movement within the studied site is probably one of the re-
sponsible elements that enhanced thermal comfort displayed in ENVI-met®. During the afternoon period, there is a
natural increase in the dry bulb temperatures. Taking the 04:00 pm period as an example, the air temperature shown
in summer is 25°C. The winter day showcased 22°C, even though the morning temperatures varied between 16°C and
18°C. Thus, the outcome exemplifies how Sao Paulo can still showcase the same dry bulb conditions seen on summer
days even on colder days. Accordingly, the mean radiant temperatures were also higher for the afternoon (04:00 pm).
On the summer day, the increase is substantial, achieving an MRT of 50°C, which could be explained considering the
amount of solar radiation received by the site surfaces until 04:00 pm. Nevertheless, it is still possible to spot the MRT

differences between zones with vegetation (35°C to 40°C) and unprotected paved areas (42°C to 50°C). Furthermore,
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Figure 5.4.16 - Mean Radiant Temperature (°C ) at 04:00 pm in the studied area on the summer day.
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the mean radiant temperatures on Spot 3 of Cora Coralina Park are almost 8°C lower than those on the uncovered
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football court. At this point (04:00 p.m.), the school building itself is protecting Spot 3 from direct sun. The previous

outcome could illustrate the importance of avoiding direct solar radiation for enhanced thermal comfort. The UTCI at
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Figure 5.4.17 - UTCI (°C ) at 04:00 pm in the studied area on the summer day.

04 pm in summer demonstrates that most parts of Amorim Lima’s site are under moderate heat stress, with perceived
temperatures from 30°C to 32°C. Moreover, no significant thermal comfort distinction exists between the green and
the non-vegetated areas. On the other hand, on the winter day (at 04:00 pm), the site’s perceived temperatures range
from 20°C to 32°C, and the typical lower temperatures on the green infrastructures can be spotted again. Thus, the
finding above exemplifies how the vegetation has a greater potential to increase human comfort when the thermal

conditions are not so extreme.
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Figure 5.4.18 - UTCI (°C ) at 04:00 pm in the studied area on the winter day.
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By the end of the afternoon (at 06:00 pm) on the summer day, the dry bulb temperature is still 24°C, and the mean
radiant temperatures registered by ENVI-met® were extremely high. Within the School’s site, MRTs from 30°C to 63°C
were reported. Moreover, the graph clearly illustrates the impact of the building’s and tree’s shading. Spots under
trees presented MRT below 30°C to 32°C; in areas with uncovered grass, there is a maximum of 51°C. On the paved
unobstructed regions (football court), the MRT goes to over 60°C. The UTCI index outcomes corroborate the positive
effects of greenery previously discussed. Cora Coralina Park vegetated areas users would experience moderate heat
stress (29°C to 31°C), while in the areas with grass and lower vegetation, strong heat stress would be felt (32°C to 33°C).
Hence, the software probably registers the trees’ cooling performance and the shading aspect itself. Lastly, the unpro-
tected paved spots showcase perceived temperatures from 34°C to 36°C. The results demonstrate how the constant

exposure to solar radiation over the day has the potential to diminish thermal comfort at the last hours of the day.
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Figure 5.4.20 - UTCI (°C ) at 06:00 pm in the studied area on the winter day.
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5.4.3. AIR QUALITY

As previously mentioned, the pollutant inputs were regulated according to the traffic intensity at each period
of each day. For this reason, the air quality study focus was not on comparing outcomes in each studied period, as
done for thermal comfort. Instead, the focus of this section is on the comparison of between areas out and within the
school’s site. It is essential to remember that the analysis was also made at 1.50m from the ground. As explained in the
method, the sources of PM2.5 and PM10 were the Avenue and streets surrounding the site. The Corifeu de Azevedo

Avenue is the primary source of daily pollution due to the high number of vehicles. As expected, it is the area with

the highest pollutant concentration among the outcomes. On the summer studied day, the level of PM2.5 and PM10
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Figure 5.4.21 - PM2.5 and PMI0 on the studied area at the summer day.

combined was approximately 12ug/m3 to 15ug/m3, while the pollution levels within Cora Coralina Park were 6ug/m3
to 7.5ug/m3. The Park shows a reduction of up to 30% from the main avenue, which indicates the positive impact of
the solid boundary wall. Moreover, the rest of the site registered concentration levels of 4ug/m3 to 5ug/m3 compared
with the densely vegetated area (Cora Coralina Park). Therefore, even though it is an adjacent area to the Park, the
pollution levels are reduced by 20% compared to it and 40% compared to the avenue. It was also shown that the zone
with grass and low vegetated elements presented the lowest pollutant concentration within the Amorim Lima’s site:
around 3ug/m3. The vegetation in this area is not dense, enhancing air movement and has the highest level of protec-
tion from the sources. The previous outcomes exemplify the importance of solid barriers to reduce air pollution. The

results also suggest the negative impact of dense vegetation on trapping pollutant particles.
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Figure 5.4.22 - Wind Speed in the studied area at 08:00 am on the summer day.

Overall, on all studied days, as exemplified by the 08 am summer period, the areas do not show an expressive dif-
ference in air velocities within the site’s outdoors. Furthermore, when comparing the studied hours on the summer day
the PM2.5 concentrations have similar patterns. In all the studied hours displayed, Cora Carlina Park’s vegetated areas
always had the worst air pollution. On the other hand, the other side of the terrain, close to the covered sports court,

constantly performed best. The results corroborate what was found in the combined analysis of PM10 and PM2.5 par-
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Figure 5.4.23 - PM2.5 concentration in the studied area at 08:00 am on the summer day.
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ticles. It raises the question of whether the vegetated areas are more polluted because of the dense trees, the direct
connection with the main pollution source, or both factors combined. Finally, the winter day was analysed, and it was

observed that both days had similar concentration patterns. However, the coldest hours always had a higher pollutant

concentration than the hottest hours.
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Figure 5.4.24 - PM2.5 concentration in the studied area at 11:00 am on the summer day.
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Figure 5.4.26 - PM2.5 concentration in the studied area at 06:00 pm on the summer day.
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5.5. CONCLUSION

This chapter analysed the EMEF Amorim Lima throughout a typical year, focusing on the environmental conditions
to which the site and building are exposed. It establishes the school’s performance through thermal comfort (using
the UTCl index), air quality (represented by PM2.5 and PM10—ug/m3), solar radiation exposure (the amount of kWh/
m2 that falls on the school facades), and wind movement (in m/s within site boundaries and the surrounding areas).
The chapter used different analytical methods to develop the research on the school’s performance. Additionally,
two evaluation software methods were used: Grasshopper® and ENVI-met®. Furthermore, the analytical results first
demonstrate that the facades’ treatments in the primary school building are not applied to the correct facades (posi-
tions). In more detail, the cobogos placed on the southeastern facade should be on the northwest facade, which re-
ceives 40% more sun radiation. Moreover, glazed windows should be on the southeastern facades to enhance daylight
indoors. The outcomes also suggest that the mentioned facade could benefit from vertical shading elements to block
the direct eastern sun. However, the specifications of shading devices for each facade need to be further investigated
to be adequately defined. Conclusively, solar radiation studies and fiel[dwork outcomes indicate that most indoor areas
would benefit from architectural modifications to enhance daylight distribution and possibly allow for a solar heat gain

strategy in cold periods.

The studies conducted on ENVI-met® illustrate the entire site’s lack of perceived thermal comfort during the hotter
periods of the day. Results also show how the ability of vegetation to increase human comfort is reduced in the men-
tioned periods. The discussed phenomenon mainly occurs when direct sun radiation enters the terrain, as it happens at
04 pm during the studied hour. However, the cooling and shading effects of the site's small-scale green infrastructure
components are proven moments of the day and year when DBT is not expressively high and sun angles are higher.
Regarding thermal comfort, the best performance of trees compared to grass and hedges is also proven throughout
the studied summer day. The outcome discussed was repeated on the colder studied day, showing that the vegetated
zones were warmer than the unprotected surroundings. Generally, it is possible to affirm through the outcomes that
the areas with vegetation are more stable environments, suffering less thermal variations than paved areas within the
same site. The mentioned outcome demonstrates that the mentioned thermal variations are deduced in the portions
of the school terrain with sky coverage (mainly caused by trees). Thus, it can be concluded that with a higher sky view
factor (amount of the sky seen from the human perspective), the thermal variations (colder and warmer feelings) also
increase. Additionally, the outcomes established how paved areas without shading can harm thermal comfort, mostly

in summer. Finally, the importance of higher wind velocities in increasing summer comfort is also highlighted.

Furthermore, the air quality studies illustrate how the densely vegetated area had constantly higher concentrations
of PM2.5 and PM10 within the school’s site—indicating the capability of dense vegetation to trap pollutant particles.
The results also suggest the importance of the solid boundary between the green area and the main pollutant source
(Avenue Corifeu de Azevedo) in reducing pollutant concentration. Additionally, increased air movement is proven to
be another essential factor for air quality enhancement, which is usually reduced in dense green areas. Outcomes also
suggest the negative impact of reduced dry bulb temperatures on air quality. This section raises the question of to
what extent the higher levels of pollutant particles in the green area happen due to the proximity to pollution sources
or the existence of dense vegetation. The ENVI-met® simulations prove that the unprotected spaces (no vegetation
or other shading) perform poorly in terms of thermal comfort. In contrast, the mentioned zones are showcasing the

lowest air pollution concentrations. Finally, the study conducted in this chapter gives an insight into the performance
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of different vegetation elements within the specific context of a school and its architectural characteristics. Thus, the
outcomes represent an original contribution to studying small-scale infrastructure in a tropical background. Additional-
ly, this chapter’s findings demonstrate the need for further analysis of the small-scale green infrastructure components
within different locations regarding pollutant sources. In addition, the study should be conducted in a “generic” envi-
ronment where the positive and negative impacts of each green and built component can be more clearly defined. The

suggested exercise is the theme of this thesis’ next chapter.



6. ENVIRONMENTAL
PERFORMANCE MATRIX

THE STUDY OF ARCHITECTURAL
AND SGIs COMPONENTS

6.1. INTRODUCTION

According to the Cambridge Dictionary, the word “Matrix” in algebra refers to a rectangular arrangement of num-
bers or symbols used for solving specific math problems. In other situations, “Matrix” can mean a collection of related
factors that influence how something progresses or changes. That’s why the term “Environmental Performance Ma-
trix” is used in this chapter. It succinctly describes the study of how architectural and green elements (“related factors”)
combine to interfere with the performance of air quality and thermal conditions in the environment (“the way things
develop or change”). Furthermore, this chapter comprises the central analytical framework of this doctoral research,
mainly achieved in the software ENVI-met® (see Chapter 05). The study developed at this point is derived from the
information gathered throughout this research’s chapters. The architectural review conducted in the “Public Schools’
Chapter” was instrumental in developing the work presented here. Additionally, the chapter’s foundation is the Case

Study Fieldwork and Analytical Work materials and their acquired knowledge.

The chapter comprises the objectives and methods undertaken to achieve them. The Environmental Performance
Matrix is established, presenting the studied elements and analysed scenarios. Finally, with the outcomes analysis, the
chapter presents a second version of the Environmental Matrix with the most important results. The final matrix in this

section allows for essential conclusions on the definition of guidelines and policies drawn in the next chapter.
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6.2. OBJECTIVES

MAIN OBIJECTIVES:

e Evaluate the perceived thermal comfort and air quality impacts of the combination of architectural and small-
scale green infrastructure (SGI) components.

e Display in more detail the impacts of different characteristics of the SGI components concerning outdoor ther-
mal conditions and air quality.

¢ Define the best combination of SGI and architecture features to enhance environmental performance out-
doors.

e Suggest indoor thermal comfort and air pollution performance using the combined SGI and architectural ele-
ments.

¢ Inform the best location of the SGI features within the context of outdoor areas of public schools in Sao Paulo.

The EMEF Amorim Lima study established the current conditions of the outdoor and indoor areas of the school.
Additionally, it evaluated how certain architectural and natural elements are responsible for the (positive and negative)
thermal and air quality outcomes. However, the study could not determine the isolated impact of each SGI compo-
nent towards the mentioned environmental performance indicators. Thus, considering the broad vegetation typology
under tropical regions, this chapter aims to evaluate the impacts of each main component of the small-scale green
infrastructures. Previous research has also identified the main design components in the Sao Paulo and EMEF Amorim
Lima public schools. Hence, this exercise also seeks to study each architectural element in different morphological con-
ditions. Finally, this exercise aims to answer questions raised during the case study’s field and analytical work stages.
Consequently, the objective is to separate the effects of vegetation and architectural elements to better understand

their individual impacts.

The chapter also seeks to define where the combined architectural and green elements are best assigned to school
projects in Sao Paulo. In addition, it establishes a list of best to worst combinations of the mentioned elements to
enhance thermal comfort and air quality. Other than focusing on combinations between architecture and nature, the
study aims to identify which types of greenery are the best fit to reduce air pollutant concentration while enhancing
thermal comfort. Conclusively, the chapter aims to produce findings that can contribute to formulating design guide-
lines that will be discussed in the next chapter. These guidelines are tailored for application in public schools through-
out Sao Paulo state. However, shaped by the local meteorological and morphological conditions, they can also be

applied in similar environments beyond the confines of Sao Paulo.
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6.3. METHOD

The environmental performance matrix evaluates the combination of different elements through an analytical
method. As mentioned in the objectives, the combination will be architectural features and components that form
small-scale green infrastructure on site. The first step is to identify the mentioned elements to be further analysed,
which is achieved through recapitulating findings from previous chapters into this one. The findings concern the archi-
tectural characteristics of the Sao Paulo public schools and identify the most repeated building elements, which are at
the interface of indoor and outdoor. This is further validated by a review of components which are present in the state
and city construction manuals. Subsequently, the same evaluation is conducted for the green features. Furthermore,
the method will simplify the abovementioned features into components that can be modelled considering the soft-

ware’s limitations.

In this chapter, ENVI-met® is also used as the evaluation tool. The Analytical Work chapter of the case study demon-
strates why ENVI-met® was chosen, including examples of similar studies using it and its main equations. However,
besides the outdoor studies section of the research, the soft-ware is also used within this section to evaluate indoor ar-
eas. Therefore, the software’s capacity to produce insights into a building’s internal thermal conditions is also explored.
Although assessing the internal situation is a new feature, it has already been employed in a few pieces of research.
For ex-ample, Li et al. (2021) demonstrated the internal thermal comfort results concerning various green walls with
the use of ENVI-met®. Facinelli and Johansson (2021) also used the software to investigate the effect of green roofs on
indoor areas in southern Brazil. Moreover, the indoor impacts of green walls and ceilings were simulated by Evola et
al. (2021). The results that ENVI-met® produces con-cerning indoors are calculating the potential dry-bulb tempera-
ture (DBT) average of an entire room. Consequently, this chapter utilises the available information to indicate possible
thermal comfort per-ception, similar to the method used in Chapter 04 (EMEF Amorim Lima fieldwork). It is essential
to remember that indoor conditions are not the focus of this research. However, what is recorded out-side can indicate
the approximate condition of the indoor environment. For example, studies have shown the relationship between out-
door and indoor spaces concerning air quality (Baek, Kim and Perry, 1997; Challoner and Gill, 2014; Hassanvand et al.,
2014; Lee and Chang, 2000; Monn et al., 1997; Pekey et al., 2010; Poupard et al., 2005; Scibor et al., 2019). Challoner
and Gill (2014) found that inside naturally ventilated shops in Dublin, the PM2.5 concentrations showed no significant
reduction com-pared to the immediate outdoors. Another study carried out in 179 locations in Krakow establishes that
the increase, even though the daily average of PM2.5 and PM10 concentrations are higher out-doors than indoors, is
statistically correlated with both (Scibor et al., 2019). The study then concluded that the increase of PM2.5 and PM10
levels outside represents an indoor increase. Hassanvand et al. (2014) estimated that 67% of PM2.5 and 45% of PM10
concentrations in an indoor space originated from the outdoors. The study also confirmed the correlation between the

out and in concentrations.

This chapter uses Climate Studio® to define which facades and architectural elements should be used for the EN-
VI-met® studies. Afterwards, the “Environmental Performance Matrix” is created by defining the studied elements and
scenarios. How the modelling of the scenarios was achieved in ENVI-met® is presented below, including used materials
and other details. Furthermore, the inputs considered for the simulations are presented, followed by a discussion of
the choice of thermal comfort performance indicators. Finally, the results are discussed by comparing the scenarios
within each studied hour and the studied hours themselves. Additional simulations are then conducted to answer the

guestions raised in the results, forming final conclusions.
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6.4. THE ELEMENTS

This section defines the small green infrastructure (SGI) and architectural components that are studied in this an-

alytical exercise.
6.4.1. ARCHITECTURAL ELEMENTS

The public schools in Sao Paulo have a set of repeated elements and materials, which are seen in several built

schools in the state. The aspects are also present in a set of government documents as guidelines to be followed for

new constructions, as well as seen in the case study EMEF Amorim Lima.

Figure 6.4.01 - Example of Cobogo perforated screens at Parque Sao Bento School built in 2008 in the state of Sao Paulo (© Bebete Viégas,
2011).

Figure 6.4.02 - Example of the use of prefabricated concrete structure and the use of glazed windows with metallic frames in the Elementary
School built in 2003 in the state of Sao Paulo (© Nelson Kon, 2011).
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Figure 6.4.03 -A more uncommon example of facade treatment, using perforated panels in Telemaco Melges School built in 2004 in the state of
Sao Paulo (© Nelson Kon, 2011).

Figure 6.4.04 - Another example of the use of concrete Cobogo panels and the pre-fabricated concrete structure in the Parque Dourado V
School, built in 2007 in the state of Sao Paulo (© Oliver de Luccia, 2011)
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The previous images are examples of schools in the state, illustrating the resemblance between architectural solu-
tions. The chapter “The Public Schools” reviewed all the examples above. Moreover, when studying the buildings and
technical manuals, four features are repeatedly seen: glazed windows, cobogos (perforated panels - figure 6.4.01), and
horizontal and vertical fixed elements that could provide shading. The horizontal elements were commonly slab projec-
tions acting as circulation and access for other rooms (see figure 6.4.04). Moreover, the vertical built parts are usually
structural and shading design solutions. The most seen fagade element is the cobogo, which is commonly used in Brazil
and other tropical regions. The reason for its widespread application is that it is a successful tool for allowing wind
movement while reducing direct solar incidence. These characteristics are essential to provide comfortable indoor
conditions in tropical climates. Therefore, most of the FDE and EDIF projects in the city and state use those elements,
even on entire facades. However, as shown in the Case study’s evaluation, cobogos must be installed in orientations
exposed to the sun; otherwise, it will unnecessarily reduce daylight availability. Moreover, cobogos can have various

designs (image 05); hence, the simulation will model and assess a simplified design.
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Figure 6.4.05 (a) - Example of cobogo in front of a corridor with classrooms behind, in school Parque Dourado V (© Oliver de Luccia, 2011). (b)

- Example of cobogo in EMEF Amorim Lima (personal archive). (c) - Example of cobogo in Western facade of School Prof. Marcos Alexandre (©

Pedro Kok, 2009). (d) - Construction detail of the cobogo panel in School Prof. Marcos Alexandre (© Pedro Kok, 2009). (e) - 3D model of EMEF
Amorim Lima Cobogo. (f) - 3D model of the cobogo simplified design that will be further analyzed.
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As expected, glazed windows are widely used in school environments. Consequently, it is another component
studied in this work. The windows have similar designs within the schools used as examples above and the ones in
the architecture review chapter. They generally comprise several minor openable pieces of clear glass with alumini-
um frames, commonly known as louvres. Additionally, the windows are usually placed from 1m of the ground to the
beams. The Amorim Lima’s evaluation shows that unobstructed glazed windows will have better environmental perfor-
mance if installed in orientations with less direct sun radiation. Therefore, if the windows are placed on more exposed

facades, they must be coupled with the other elements to cause shade, such as cobogos.
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Figure 6.4.06 (a) - Example of school facade with perforated aluminium roofs as facade treatment in the School Prof. Marcos Alexandre (©
Pedro Kok, 2009). (b) - School Parque Dourado V, showing one example of glazed windows with metallic frames placed in a recessed facade,
protected by a corridor © Oliver de Luccia, 2011). (c) - Indoor image of a classroom in EMEF Amorim Lima, with another example of the glazed
window and metallic frame (personal archive). (d) - 3D model of EMEF Amorim Lima Cobogo. (e) - 3D model of the cobogo simplified design
that will be further analysed.
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Furthermore, as previously mentioned, horizontal projections are constantly seen in the facades of the schools of in-
terest. For example, EMEF Amorim Lima has simple concrete overhangs on all the facades and levels. It can be contem-
plated that the mentioned elements were implemented to protect the walls and apertures from rain and even from
solar irradiation. Moreover, most EDIF and FDE school projects use vertical elements as classroom circulation areas,
usually around 2m wide. Yet, even with no peripherical walking areas, the roofs are usually offset, creating a horizontal

overhang on top of openings. Therefore, a simplified version of a horizontal overhang is studied in this chapter.

Other public schools™ design (c)
]
|
. i |

Simplified design (d)

(b)

Figure 6.4.07 (a) - Example of recessed facades, treated with glazed windows, with walking corridors in front of them in Parque Dourado V

(©Carlos Kipnis, 2011). (b) - Another example of a recessed facade with walking corridors in front of the Elementary school (©Nelson Kon,

2011). (c) - 3D model of the horizontal elements shown in the schools’ examples. (d) - 3D model of the simplified design that will be further
analysed.
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Finally, the schools often showcase vertical elements that compose the building structure. They are mostly prefabricat-
ed columns of approximately 20 to 30cm. Sometimes, those elements are camouflaged into the building walls and are
even elongated, becoming vertical fins. Some buildings also include those elements only as aesthetic compositions or
even with the intention of solar protection. As a matter of fact, if designed correctly, those elements could successfully
function as shades to protect glazed facades from direct sun radiation. Furthermore, they increase the surface area of
exposed concrete on the facades, possibly generating thermal impacts outdoors. Like all the other architectural fea-
tures, a simplified version of the vertical overhang is modelled to be analysed.
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Figure 6.4.08 (a) - Example of recessed facades, treated with glazed windows, with walking corridors in front of them in EMEF Maria Aparecida
Magnanelli Fernandes (©Ophotoarantes,2012). (b) - Another example of a recessed facade with walking corridors in front of the Elementary
school (©ONelson Kon, 2011). (c) - 3D models of the horizontal elements shown in the schools’ examples. (d) - 3D model of the simplified design
that will be further analysed.
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6.4.2. SGI COMPONENTS

The city green areas of Sao Paulo and smaller towns of the state encompass numerous species of trees and other
vegetation typologies. The EMEF Amorim Lima is one example of how diverse the small-scale infrastructure can be,
even within a school’s terrain. The case study showcases different tree species with various heights and leaf area den-

sities (LADs). Additionally, various types of hedges, shrubs and climbing plants forming different living walls are spotted

in the school’s terrain. As mentioned in “The Public Schools in Sao Paulo” chapter, the Foundation for Education Devel-

o

(d)

Figure 6.4.09 - Images of examples of typologies of green elements found in EMEF Amorim Lima (personal archive). (a) - Tall trees in the Cora
Coralina Park. (b) - Trees in front of Amorim Lima’s main facade. (c) - Hedges close to a facade with a Cobogo panel. (d) - Living wall is in front of
the school’s boundary wall. (e) — Living wall growing on the metallic mesh surrounding the uncovered sports court.

opment (FDE) of Sao Paulo has created several manuals for public schools. The cited documents concern the materials,
furniture, architectural program guidelines, and all the necessary information for developing a project. Additionally,
the FDE produced a catalogue of vegetated species that should be used within the school terrain including species at
risk of extinction (FDE, 2015). The mentioned manual presents around seventy species of trees containing ornamental,
fruitful and palms. Additionally, there are thirty types of hedges, three climbing plants, twenty-five forage plants and
three grass species (FDE, 2015). Each vegetation element in the catalogue has its own page with technical information,
dimensions and how it should be applied (as seen in figure 6.4.10). However, there is no information on the presented

species’ LAD (leaf-area density) or LAI (leaf-area index).

The EMEF Amorim Lima study and the FDE catalogue (2015) are examples of SGI components that can be spotted

in the state’s public schools. The mentioned information was substantial enough to define trees, hedges, grass, and
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Figure 6.4.10 - Image of an extract from one of the pages of the FDE catalogue of vegetation species (FDE, 2015).

climbing plants (living walls) as the components of interest for this research. Consequently, the mentioned elements
are studied in this chapter. Moreover, concerning the simulation of trees, a single height and crown size are defined to
reduce the number of studied cases and other variables. Consequently, the average height of all the tree species in the
FDE vegetation catalogue (2015) is calculated. Amongst the sixty-one fruitful and ornamental trees in the catalogue,
the average height is 13.4m, and the average crown diameter is 8.6m. The catalogue does not define the trees’ leaf
area (LAD) (as mentioned on the previous page). A proper measurement tool must be used to assess each species’
leaf area density. Thus, this doctoral research doesn’t have the LAD information. Regarding hedges, the average height

calculated with the characteristics found in the FDE catalogue (2015) is 2.3m with a 1.6m diameter. However, the three
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climbing plants in the catalogue don’t have any height or diameter information. Finally, from the grass examples in the

catalogue, the average calculated was 0.15m.

6.4.3. ELEMENTS COMBINED

In summary, the architectural and greenery elements considered for this analytical exercise can be found on the

diagram and list below. The complex characteristics and other details of the SGI components modelling ENVI-met® are

discussed in the modelling section of this chapter.

STUDIED ELEMENTS

COBOGO GLAZED WINDOW + TREES HEDGES

i W AR
\/ i
i
|
|
|
HORIZONTAL OVERHANG VERTICAL OVERHANG GRASS LIVING WALLS

Figure 6.4.11 - Diagram demonstrating the architectural and natural features studied.

ARCHITECTURAL ELEMENTS: SGI ELEMENTS:
1. Glazed windows; 1. Grass;
2. Cobogos (perforated panels); 2. Hedges;
3. Horizontal overhangs; 3. Living walls;
4. Vertical overhangs. 4. Trees.
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6.4.4. THE STUDY OF ARCHITECTURAL ELEMENTS’ LOCATIONS

As previously highlighted, the main example of architectural components found in Sao Paulo’s public schools are,
generally, the single-glazed windows. Additionally, the facades can have small concrete overhangs on top or overhangs
working as circulation (horizontal shading). Finally, mostly the concrete cobogos. Thus, to build a generic model to
be analysed in ENVI-met®, the previous architectural elements need to be considered. However, the correct location
of the elements also needs to be defined through evidence-based design. The main method of this small exercise is
understanding the annual amount of solar radiation that would fall on the glazed surfaces of the building modelled in
ENVI-met®. A similar exercise is present in Chapter 5 (Case Study — Analytical Work) to demonstrate if the sun radiation
levels could indicate internal overheating during hotter periods of the year. Furthermore, the radiation analysis uses
the Climate Studio® (Solemma LLC, 2023) plug-in within the Rhinoceros® program. Climate Studio® has been used in
several studies published in the past years (Falih et al., 2023; Ji and Sawyer, 2022; Surapaneni, 2021; Vazquez-Molinary
and Beltran, 2022; Xiang and Matusiak, Weber, Mueller, and Reinhart, 2022; Zhao and Gou, 2023) with focus on facade

solar radiation and indoor daylight.
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Figure 6.4.12 - Diagram with the North and South facades solar radiation with and without the use of shading elements.

A simple model is built with the same dimensions and conditions used in the ENVI-met® software, which are ex-
plained in the modelling section of this chapter (Sec. 6.6). Each fagade is analysed individually, with different options of
shade for each one. The south facade is the only one with no elements, as there is almost no direct sun during the year.
The south-facing glazing showcases an annual average of 518 kWh/m2 and, in this analysis, serves as a guideline for the
maximum acceptable solar irradiation average for the other facades to mirror. The north fagade is exposed during most
part of the day, showcasing a 1080 kWh/m?2 irradiation annual average. The first step is to test the horizontal shading
on the north fagade, which shows a 38% reduction in the glazing’s average annual radiation concentration (624 kWh/

m2). Furthermore, the simplified cobogo element is added to the south facade where the glazed areas show an aver-
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age annual irradiance of 194 kWh/m2. The outcome is an 81% reduction from the exposed facade. The results prove

the cobogo is the best option for the northern facade among the studied elements.
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Figure 6.4.13 - Diagram with the East and West facades solar radiation with and without the use of shading elements.

The west side of the building receives direct sunlight in the afternoon, which can lead to overheating. To address
this, the cobogo reduces the amount of sunlight entering the fagade. The addition results in an 81% decrease in the
average amount of sunlight hitting the glazed area, reducing it from 872 kWh/m2 to 221 kWh/m2. The east side of the
building, which is most affected by morning sunlight, has an average of 862 kWh/m2. Vertical shading is added to block
direct sun from the south. Initially, the shading elements are placed every 3 meters, reducing the sunlight by 38% to
471 kWh/m2. However, some areas still get too much sunlight (600 to 800 kWh/m?2). Additional vertical shading ele-
ments are added for every meter to address the issue. The addition creates an 81% reduction compared to the exposed
facade, bringing it down to 323 kWh/m2. These measures effectively reduce the direct sunlight hitting the glazing and
heat entering the building, helping maintain a comfortable indoor temperature. Finally, based on the outcomes and
previous research on schools in Sao Paulo, the cobogos are used in the ENVI-met® analysis for sun protection primar-
ily on the more critical orientations. Thus, the sides that receive higher sun exposure, specifically the north and west
facades. Windows without additional protection are reserved for the less exposed side, the south-facing facade. Fur-

thermore, the east-facing facade has ten vertical shading elements, evenly spaced at one-meter intervals.
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North East

East

Figure 6.4.14 - A diagram showcasing each architectural feature’s different orientations will be studied.
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6.5. THE ENVIRONMENTAL PERFORMANCE MATRIX

As introduced at the beginning of this chapter, the “Matrix” represents a compilation of interconnected factors
that collectively influence environmental developments or changes. So far, the architectural and SGI factors have been
displayed. How these elements are combined and studied in this chapter composes the “Environmental Performance
Matrix,” illustrated on the next page. This version of the matrix is dedicated to the scenarios studied in this analytical
research. It comprises five different interactions, with two main sets of exercises, concluding a set of ten different simu-
lations. The columns show the scenarios, while the rows show the architectural and SGI components and their location
within the building and site modelled in ENVI-met®. The first set of exercises has windows facing north and south (NS).
Additionally, the same five combinations are also analysed with windows facing east and west (EW). The architectural
and SGI components remain the same in both NS and EW cases. However, for the cases with windows facing east-west,
the vertical shading is added to the east facade (as previously discussed). Also, in the EW scenarios, the boundary walls
in the terrains’ limits were not added. The decision is made to understand the impact of the boundary walls. Further-
more, the difference between the studied scenarios is the types of vegetation. The first case (NSO1 and EWO01) is the
base case scenario, with no vegetation, and this scenario has only hard pavement. The second case has the addition of
grass (NS02 and EW02). All the studied scenarios after the mentioned ones have grass. The third set of interactions has
the addition of grass and living walls (NS03 and EW03). The fourth pair of scenarios combine built elements with grass

and hedges (NS04 and EWO04). Finally, the fifth scenario integrates grass and trees (NSO5 and EW05).
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ARCHITECTURE SCENARIOS:

1. NS-—North facade with glazed window and cobogos + South fagade with glazed window (with terrain’s bound-

ary walls).

2. EW - East fagcade with glazed window and horizontal shadings + West facade with glazed window and cobogos

(without terrain’s boundary walls).

GREENERY SCENARIOS

1. 01 - No vegetation

2. 02-Grass

3. 03 —Grass + Living walls

4. 04— Grass + Hedges

5. 05-Grass + Trees

FINAL SCENARIOS (ENVIRONMENTAL MATRIX):

1. NSO1 and EWO01 - Architecture elements.

2. NSO02 and EWO02 - Architecture elements + grass.

3. NSO3 and EWO03 - Architecture elements + grass and living walls.

4. NSO4 and EWO04 - Architecture elements + grass and hedges.

5. NSO05 and EWO05 - Architecture elements + grass and trees.
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Figure 6.5.01 - Diagram of the Environmental Performance Matrix, showing all the scenarios to be simulated.
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6.6. MODELING THE MATRIX

The scenarios on the Environmental Performance Matrix are all modelled in ENVI-met®. One single simplified
model is designed for all simulated scenarios for comparison purposes. The choice of materials and dimensions are
assumptions based on the knowledge from the “The Public Schools” and “Case Study” chapters. However, the model
in Envi-met needs to be a simplified representation of the school environments in the state. For the mentioned reason,
the model consists of a single-storey building with indoor space divided into one classroom and a corridor. Modelling
only the ground floor has the benefit of focusing on the impacts of the elements on the ground level, where the veg-
etation is implemented. Also, the fieldwork in the Case Study chapter showcased the natural reduction of pollutant
particles on the upper floors of the building, making the conditions on the ground floor the worst-case scenario to in-
vestigate. Finally, simplifying building models is an overall method to improve the clarity of results, reduce unnecessary
complexity and reduce simulation time, which is one of this research’s limitations.
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Figure 6.6.01 - Diagram of the designed model with dimension

The classroom size and building organisation are not arbitrary but are defined based on the information extracted
from the FDE design and refurbishment manuals. These manuals illustrate different school project possibilities and are
a cornerstone of this research. They establish the classroom area as 51.84 m2 (7.20m x 7.20m), with the window area
occupying 1/10 of the floor area. Therefore, following these guidelines and the dimensions of the case study EMEF
Amorim Lima, the ENVI-met model is built with a classroom of 7m x 8m, achieving an area of 56 m2 and a corridor
of 2m x 8m with 16 m2. Both spaces are modelled with a 3m height from floor to ceiling, generating a final volume
of 9m x 9m x 3m. The building is also modelled with a single-loaded design, where the side walls have no apertures.
Finally, a 2m tall boundary is also created between the site and the surrounding area, as commonly seen in Sao Paulo’s
public schools. The dimensions of the outside space are defined based on examples of schools in the city and state of

Sao Paulo. The indoor ground and the school’s outdoor areas are calculated to establish the size of the open spaces in
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10m

Figure 6.6.02 - 3D diagram of the designed model with heights.

percentages (figure 6.6.02). For example, Parque Sao Bento is an FDE school where, considering the entire terrain, 41%
is occupied by the built-ground floor. Consequently, 59% of the terrain is a non-built area. Six schools were selected as
examples, illustrating a variety of sizes to the outdoors. Within the FDE examples, there was a range of 13% to 86% of
open areas compared to the terrain’s entire area (figure 6.6.02). As mentioned on the previous page, the indoor area is
modelled with a total of 72m2. Considering the minimum outdoor percentage (13% in School CHB Campinas), 72m2 is

the remaining 87% of the terrain when applied to this exercise model. Thus, in the mentioned case, the entire terrain

86%
open
68%
open
33%
open
Im
K—
FDE SCHOOLS:

* Parque Sao Bento — 41% built / 59% open

* CHB Campinas F1 — 87% built / 13% open

* Telemaco Melges — 82% built / 18% open

* Parque Dourado V — 67% built / 33% open

* Jardim Maria Helena — 14% built / 86% open
* Varzea Paulista— 42% built / 58% open

Figure 6.6.02 - Diagram illustrating the possible zones and dimensions.
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would have approximately 82m2 and the open area 10m2. It would mean a very small offset between the built area
and the end of the terrain. The maximum outdoor percentage found was 86% in Jardim Maria Helena. In the men-
tioned case, 72m2 would be 14% of the terrain; the entire area would be around 514m2, and 86% would be 442m2. A
larger area represents a better possibility for testing bigger SGI components, such as trees, which would create a more
extensive shade. Also, the selected grid in ENVI-met is 1mx1m with 1m height, and the model is designed considering
the possibility of dividing it by “zones”. The first 1m grid represents the schools with open areas reaching 33%, while
a 2m offset would indicate a 68% open area. A 7m offset reaches an open area of 448 m2, which was the final offset

built into ENVI-met®. One meter of the 7m offset is used as the walking area surrounding the terrain (figure 6.6.02).

6.6.1. MATERIALS AND VEGETATION

The materiality of the building and site was selected within ENVI-met®’s database. However, the materials unavail-
able in the database were created for the simulation using the existing database as the foundation. Hence, the ground
floors within the site are built as light grey cement pavement. Surrounding the boundary walls is a 1m grid set as light
grey cement representing the walkways around schools. The asphalt material is applied just after the “walkways”,
representing the surrounding roads. The buildings and boundary walls are modelled as a combination of the most
commonly used in Brazil, regular red bricks with cement plaster. The white colour is used for all built elements. The

roof structure is also designed as a combination of a solid concrete slab and metallic roof tiles. The modelled element

Figure 6.6.03 - ENVI-met modelling software showing the simplified version of the fagade with simple, unobstructed glazing.

represents the galvanised roofs, which are widely used in the school buildings in Sao Paulo. Moreover, the window
selected from the database consists of a sheet of single glass with no frame. The windows in the schools are usually

framed with aluminium; however, to simplify the modelling, the elements are also simplified. Additionally, it has a 2m

Figure 6.6.04 - ENVI-met modelling software showing the simplified version of the cobogo.
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height starting at 1m off the ground (figure 6.6.03).

The cobogos are designed with the same material as the walls. However, considering the ENVI-met® modelling re-
strictions, the element is simplified. The cement cobogos spotted in different public schools usually have around 10cm
openings with 10cm depth. However, for this analysis, the elements are approximated to 1m opening and 1m depth.

Also, the cobogo has solid 1m2 panels and glazed 1m2 areas, as seen below. As section 6.4.4 of this chapter mentions,

Figure 6.6.05 - ENVI-met modelling software showing the simplified version of the horizontal and vertical shadings.

horizontal and vertical shading is designed at 1m. Also, on the east fagade, there is one horizontal overhang on the
building’s top and ten vertical shades. All elements are modelled using the same material for the walls: brick, cement

plaster, and white paint (image 6.6.05).

The SGI components are also modelled in ENVI-met® using the existing database. The materials are stored and can
be modified and constructed in the DBManager® inside the software. For example, the 25 cm-high grass was selected
as a base for constructing a new one. The used grass has all the characteristics of the base one. However, the height
was modified to 15cm to match the average from the FDE catalogue (2015) examples. Finally, grass is applied to the
entire site area within boundary walls. As mentioned in section 6.4.2, hedges and living walls have the same charac-
teristics and dimensions. The only difference is the height: hedges are 1m while living walls are 2m. The height choice
reflects the average height of the boundary walls in Sao Paulo’s public schools. Additionally, it is linked to the chosen

1m grid in ENVI-met®. The modelling choice intends to reduce variables and simplify case comparison. The database is
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Figure 6.6.06 - Image of an extract of the ENVI-met®s DBManager® with the constructed living wall.
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also used as a base to construct these elements. The component selected is a dense hedge in the DBManager® library
with deciduous leaves, and the configurations were changed so that there is no loss of foliage during the year. All veg-
etation used in this analytical exercise has a high LAD due to the interest in exploring worst-case scenarios concerning
pollutant particle trapping effects and representing the typical high-density tropical vegetation. The hedges and living
walls are situated within the site next to its boundary walls and building’s facades without windows. The building’s
walls with windows have hedges, or living walls placed one meter away from the openings (as seen in the image be-
low). The location choice when there are apertures allows for grid space for the application of shading elements when
needed. The trees are designed using complex vegetation-modelling software inside ENVI-met® called Albero®. Like
the DBManager®, this tool has pre-defined trees. A 15-meter-high, spherical tree is used as the base to construct the
13-meter trees used in the simulations. The tree has the closest morphological characteristics to the FDE catalogue
(2015) examples. Moreover, the crown size is adjusted to 9m, matching the average calculated from the catalogue.
Also, the “tree calendar” is set not to have changes in foliage during the year. The trees are located to bring shade and
populate the entire terrain. Thus, 08 trees are implemented around the site with similar dimensions, and are placed

three meters from the building and three meters from the boundary walls (figure 6.6.09).
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Figure 6.6.07 - Image of an extract of the ENVI-met®s DBManager® with the constructed living wall.

184



e e
[ e vars| | i
Filten |Filer by i/ Hame | GO || mase fiiey

Cineta o Lite

A& Uner 30Rare

< I £

¥Z-Fare " Hwnow | * | xz-sume . Esnow |2
o a— Abmrwte e (ot
et e Dedoaous
o P vt durver ap o eatey
Conpergint om0
] T | Aee—
1 1 1 Gransiny ik Bxsed
uE Pt bl 1208
e (ol i
rembarafoes T 1TeI06
B S
e
- | e sp oo wor pac  [BEE
r-Parm [ Elsnow | Cursan auk of Oaet) 14D — 8 q - [ 100 ] 1m | 1cc N
| » Ererinar
T —————
e 3.0l prajection
T View 210 LB vakie tobe ssagnet 1
Ust It Mo 10 D55 VL, gAY MALEE £ debns

Figure 6.6.08 - Image of an extract of the ENVI-met®s Albero® with the constructed living wall.
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Albera

Figure 6.6.09 - Image of an extract of the ENVI-mets®’s SPACES® showing the location of the trees in one of the studied scenarios.
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6.6.2. SCENARIOS

This section is dedicated to a sketch rendition of each studied scenario, focusing on vegetation elements. It is im-

portant to remember that the EW scenarios do not have boundary walls.

only light pavement.

NSO1 and EWO01 - No vegetation applied,

1.

Figure 6.6.10 - Sketch of Scenario 01

NS02 and EWO0?2 - Grass addition.

2.

Figure 6.6.13 - Sketch of Scenario 02
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NS03 and EWO03 - Grass + Living walls.

3.

Figure Figure 6.6.12 - Sketch of Scenario 03

4. NSO04 and EW04 - Grass + Hedges.

Figure 6.6.14 - Sketch of Scenario 02
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NSO05 and EWO0S5 - Grass + Trees.

5.

Figure 6.6.15 - Sketch of Scenario 04
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6.7. ENVIRONMENTAL CONDITIONS" INPUTS

6.7.1. WEATHER CONDITIONS (DRY BULB TEMPERATURE, HUMIDITY, WIND SPEED AND SKY COVERAGE)

The weather data used for the simulations was obtained from Meteonorm®, a complex calculation and data source
tool that provides access to historical weather data and future weather prediction data. Many studies established their
experiments by considering weather conditions and other projections for future scenarios, specifically in 2050. Some
examples are settled in the UK and Europe (Emmanuel and Loconsole, 2015; Kwon and @stergaard, 2012), having also
focused on the impacts on agriculture (Hristov et al., 2020). There are also examples in Saudi (Hassan et al., 2024) and
Japan focusing on CO2 emissions (Otsuki et al., 2022). In Brazil, there is also research concerning climate projections
in Sao Paulo (Armani et al., 2022) and even a study of the population migration from the Northeast to the city until
2050 (Barbieri et al., 2010). Overall, using the 2050 weather file is justified by the expectation of a warmer climate and

higher occurrence of thermal human distress (Armani et al., 2022).

The 2050 data is analysed so that patterns of climatic conditions can be identified and further examined. The
weather data investigation spots that the day with the highest temperatures of the entire 2050 is the 11th of October.
Moreover, the cited day showcases an average temperature of 26.3°C with the lowest temperature at 5 am (17.4°C)
and the highest at 3 pm (34.5°C). Hence, this day is the one selected as the first to be simulated, representing the
hottest conditions within 2050. Instead of studying the whole day, the method focuses on three different one-hour
periods to reduce simulation time and the number of scenarios. For the selection of the mentioned periods, the main
functioning hours of the schools are considered: from 7 am to 7 pm. The hours with the highest, lowest, and average
temperatures are selected within the functioning period. Therefore, the first hour is 3 pm, with a dry bulb temperature
of 34.5°C, clear sky with no obstructions, 6.5m/s wind speeds prevailing from the east and 53% relative humidity. The
second studied period is 7 am, the coldest one, with 19.4°C air temperature, clear sky with no obstructions, 2.4 m/s
wind velocities primarily from the south and 84% relative humidity. Finally, the last selected hour of the 11th of Octo-
ber of 2050 is 9 am, the day’s average dry bulb temperature. The average hour has a 25.2°C air temperature, clear and
unobstructed sky, and the prevailing direction of winds is from the east, with 2.6m/s speed and relative humidity of
83% (see figure 6.7.01).

The second select day simulated is the one with the coldest air temperatures of the year (2050). The chosen date is
the 15th of July, with the higher dry bulb temperature being 17.1°C and the lowest 8°C. Moreover, the same method is
used for the hour selection for the hottest day. As a result, the hottest spotted hour within the functioning hours of the
day is 3 pm, with a dry bulb temperature of 17.1°C, a partially covered sky, 2.1 wind speeds primarily from the west and
57% relative humidity. On the other hand, the coldest period of the studied day is at 7 am, with an air temperature of
8°C, partially obstructed sky, 0.1 wind speeds east prevalent and 100% relative humidity of the air. Finally, at 9 am, the
closest value to the average air temperature of the day is spotted: 10.5°C. The mentioned hour showcases a partially
covered sky, 0.6m/s wind velocities primarily from east/southeast and relative humidity of 88%. Consequently, the six
mentioned periods of one hour divided between the hottest and coldest day of the year show a large range of climatic
conditions. Therefore, the above-mentioned hours are selected to represent the extreme and average conditions of
the year 2050.

189



DAY 11 of October

Day of Day of Dry bulb
MONTH the r:onth the{lear Hours tem;\)/erature

1 19.5

2 18.6

3 18.1

4 17.7

5 17.4

N

7 19.4

8 22.2

9 25.2

10| 27.7

11 30

OCT 11 284 12 319
13 33.5

14 34.2

15 345

16 34.1

17 33

18| 31.3

19 29.6

20 28.8

21 28

22 27.2

23 26.3

24 255

*Av. temp = 26.3C
*Av. temp from 7 am to 7 pm = 29.7C

Relative
Cloud cover Wind velocity ~ Wind direction  Humidity

3 5.1 268 82
3 4.4 273 81
2 5.3 230 83
2 3.8 249 81
1 2.1 175 77
__1___ 27 __ 134_ 8
__0_ 24 176 _ 84
TTRTIILEIC el e
__0_ 26 _ _ 106 _'_8_3|
0 2.6 3 75
0 3.8 61 69
0 4.8 32 66
0 6.2 102 59
0 5.6 70 53
T T T T T %65 T T Tw7 T T 53
T T T T T 75 T T T T T 53
0 7.3 48 52
1 5.9 99 54
1 5.6 89 57
2 4.9 36 63
2 4.6 169 66
3 4.8 132 73
3 4.6 134 77
4 3.6 171 82

Figure 6.7.01 - Table with the climatic condition values of the 11th of October of 2050 (hottest day)

DAY 15 of July

Day of Day of Dry bulb
MONTH then\:onth the\\//ear Hours temgerature
1 9.3
2 9
3 8.7
4 8.5
5 8.3
6 8.1
7 8|
8 8.9
9 10.5
10 11.9
11 13.1
12 14.3
JuLy 15 196 13 158
14 16.7
15] 17.1
16| 17
17| 16.1
18] 14.7
19 14.1
20| 13.4
21 12.7
22 12.1
23 11.4
24 10.7

*Av. temp = 11C

* -
Av. temp from 7 am to 7 pm = 13.7C Relative

Cloud cover Wind velocity ~ Wind direction  Humidity

6 1 17 83
6 0.8 124 91
6 0.5 99 %
5 0.4 78 97
5 0.2 125 Y
5 0.2 81 99
T ST T 00 T T T T T TH000
ST T T oy T T T 1 T "9
TTST T 06 T T T T T T &
TS T A T T T 107 T " 76
7 1 96 63
6 1 154 60
3 15 24 57
0 11 21 57
T T TR T T T 9 T T 5n
TTT T2 T T T e T T
5 17 205 64
5 16 202 67
5 15 261 73
5 13 211 77
5 11 212 77
6 1 303 79
6 1 217 79
6 15 178 85

Figure 6.7.02 - Table with the climatic condition values of the 15th of July of 2050 (coldest day).
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6.7.2. AIR POLLUTION (PM2.5 AND PM10)

This research places significant emphasis on air quality, particularly the dispersion of PM2.5 and PM10. Chapter
03 (The Public Schools) provides a literature review that underscores the importance of these pollutants. The chapter
delves into the air quality conditions in the city, their implications, and their correlation with children’s health. For
the analytical research, ENVI-met® requires hourly PM2.5 and PM10 concentration input to simulate and indicate the
concentration levels within the studied scheme. Unlike the dry bulb temperature inputs, the pollutant values remain
constant between the hottest and coldest days and their analysed hours. Specifically, for the pollutant concentration,
only one value for PM2.5 and another for PM10 will be inputs for all the scenarios examined. Establishing a single rep-
resentative pollutant figure is crucial to understanding the effects of different microclimatic conditions combined with

small-scale green infrastructure (SG) without the influence of too many variables.
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Figure 6.7.03 -Chart showing PM10 monthly average concentrations for all the stations within the State of Sao Paulo in 2022.
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Figure 6.7.04 - Chart showing PM2.5 monthly average concentrations for all the State of Sao Paulo stations in 2022.
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The concentration values inputs are determined based on the pollutant patterns within the state of Sao Paulo and
the city, which were thoroughly analysed. These characteristics were studied using data extracted from the Environ-
mental Sanitation Technology Company (CETESB). CETESB provides automatic air quality from 62 stations, with 33 sta-
tions located in the interior and coastal cities of the state (QUALAR, 2023). The other 29 stations are dedicated only to
the area known as the Greater Metropolitan Area of Sao Paulo or “big Sao Paulo (Godoy and Silva, 2022). This territory
includes the city of Sao Paulo and other smaller cities with shared boundaries. Furthermore, the material collected by
CETESB for the year 2022, with a focus on the 62 stations previously mentioned, was analysed. Mirroring the weather
inputs, the pollution intended to focus on 2050 projections. However, it is substantially difficult to define the trends

considering the mutable aspect of urban environments. Also, this study aims to comprise schools all over the state of

Figure 6.7.06 - Google Earth 3D view identifying the air quality monitoring station “Congonhas”. (Google, 2023, accessed: 20 March 2023).
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Sao Paulo with diverse morphological situations. Thus, the year 2022 is utilised for research inputs as it is the latest
one with all the twelve months of collected data at the time this exercise was conducted. It is also important to note
that in 2022, the state of Sao Paulo didn’t see any vehicular transit reduction due to the COVID-19 pandemic. Finally,
the focus is on the mean average data for months and hours of the year. Average values are being considered so that
all the material collected by CETESB can be easily processed, allowing for a pragmatic but representative definition of
only two values (PM10 and PM2.5).

The figures 6.7.03 and 6.7.04 demonstrate the monthly average concentrations of PM10 and PM2.5 in all the air
quality monitoring stations in the state. The PM10 data indicates that most stations had overall similar monthly values,
from 10 pg/m3 in January and December to 60 pug/m3 in July. Three other stations also showed higher levels in July,

with around 80 pg/m3 to 95 pg/m3. All the mentioned stations are in cities outside the greater Sao Paulo. Regarding
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Figure 6.7.07 - Chart — PM10 hourly average concentrations for Congonhas station during July 2022.

PM2.5, the same pattern within locations can be seen, with the month of July showing once more the worst scenarios.
However, the higher monthly average concentrations are from 25 pg/m3 to 31 ug/m3 and the lower values from 8 pg/

m3 to 14 pg/m3 in January and December.

In addition to the yearly analysis, the air quality monitoring station Congonhas (figures 6.7.05 and 6.7.06) is used
for a monthly study of one location. The station is in the neighbourhood of Vila Congonhas, in the Campo Belo and
Jabaquara districts, approximately 10.6km from the city centre. It is situated within a dynamic urban landscape, char-

acterised by numerous structures built around local and collector streets and the prominent presence of two major
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arterial roads, namely the “Corredor Norte-Sul” and Bandeirantes Avenue. The latest is a high-traffic highway that runs
bordering the station. Notably, the northern section of this area boasts a concentration of high-rise buildings. Con-
versely, the Congonhas airport is in the southeastern corner of this urban landscape and features a substantial open

expanse, measuring approximately 2.2 km in length and 440m in width. This airport-induced spatial configuration cre-
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Figure 6.7.08 - Chart — PO hourly average concentrations for Congonhas Station within the State of Sao Paulo during October 2022.
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Figure 6.7.09 - Chart — PM2.5 hourly average concentrations for Congonhas station during July 2022.

ates an urban area characterised by low-rise structures. This region comprises a unique fusion of urban density, replete
with vehicular activity and more spacious, tranquil segments. This intermediary urban position is used in this research

to represent both the centre of Sao Paulo and smaller towns throughout the state.

As previously explained in this chapter, one day in July and another in October were selected for study. Conse-
qguently, both cited months are analysed using hourly average data extracted from Congonhas station (CETESB). In the
month of July, 5% of the hours registered the highest PM10 concentrations from 85ug/m3 to 125ug/m3. Furthermore,
in October 2022, the percentage dropped to 0.3%. Regarding PM2.5, in July, 14% of the hours showcased average val-
ues higher than 30ug/m3, with one hour around 93ug/m3 and one with 125ug/m3.During October, the percentage
drops to 5%, with only four hours above 45ug/m3 and only one above 55ug/m3. The gathered data illustrates the
overall representative particulate matter concentration within the state and city of Sao Paulo. So that the impacts of
green elements on the concentration of pollution within the site are clear, higher pollution levels are input. Thus, for
PM10 and PM2.5, the value considered is 100ug/m3, representing the higher values found within the studied data.
However, as previously exposed, the higher values represent the slightest percentage of time concerning hourly and
even monthly concentrations. Therefore, it is necessary to undergo a new batch of simulations with values that would
better represent the overall air quality conditions of the state of Sao Paulo, still focusing on higher concentrations. Fi-
nally, for the mentioned second assortment of digital analysis, the value considered for PM10 is 60 pg/m3 and 30 pg/
m3 for PM2.5.
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Figure 6.7.10 - Chart — PM2.5 hourly average concentrations for Congonhas station during October 2022.
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For the spatial distribution of the pollutants input, the PM10 and PM2.5 values discussed above were placed in a
space of four meters (four grids) symmetrically placed around the site. The cited placement allows for a similar disper-
sion of the particulates independent of the wind direction during the studied period. Moreover, the pollutants started
with one meter offset from the site boundary, representing the area of walkways usually preset around a site. The
pollutants stand in the area where the asphalt material was applied, representing the vehicular roads. Finally, the 4m

size was also defined as simplifying two-way streets, which are common around Sao Paulo schools.
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Figure 6.7.11 - ENVI-met model with the pollutant sources’ location.
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6.8. PSYCHOLOGICALEQUIVALENT TEMPERATURE (PET)

In 1987, Mayer and Hoppe proposed the MEMI, which is the Munich Energy Model for Individuals. The mentioned
model presented new forms of calculating the regulatory sweat rates and heat fluxes, considering separately the parts
of the body that are covered and those not covered by clothes. In 1999, Hoppe defined the psychological equivalent
temperature (PET) as the equivalent of the air temperature perceived by the body. PET is formed through the calcula-
tions of the thermal conditions of the body, skin temperatures and the body’s core temperature through the equation
models of the Munich Energy Model (MEMI) for the combination of personal and meteorological parameters (Mon-
teiro, L., 2008). Psychological equivalent temperature is also defined as a human-biometeorological index, one of the
oldest and most used to define thermal comfort in diverse climatic conditions (Matzarakes, Mayer and Iziomon,1999;
Lucchese and Andreasi, 2017; Santos Nouri and Costa, 2017; Hirashima, Assis and Nikolopoulou, 2016). According
to Lucchese and Andreasi (2017), “It is calculated based on four climatic variables (mean radiant temperature, air
temperature, air velocity and relative humidity) and two personal variables (clothing insulation and metabolic rate)”.
Furthermore, a study by Liang et al. (2019), as mentioned by Mavkandi et al., 2021), stated that “the PET index gives
an enhanced range of sensation temperatures and can predict thermal comfort for the outdoor environment including
important thermal benchmarks such as NT and ATR”. Finally, the thermal index is widely used in the relevant literature,
for example, Matzarakis and Endler 2010; Cohen et al., 2013; Bleta et al., 2014; da Silveira Hirashima et al., 2016; Salata
et al., 2016; Krtiger et al., 2017a (Pantavou et al., 2018), instilling confidence in its applicability.

Other than the Psychological Equivalent Temperature (PET), the Universal Thermal Climate Index (UTCI) is also used
to estimate the perceived or felt temperature based on meteorological variables. As shown in the Case Study Analytical
Work chapter, UTCl is used as a parameter to establish the outdoor comfort of EMEF Amorim Lima. However, PET is
generally considered more complex and robust than UTCI for several reasons. According to Cheung and Jim (2019, as

cited by Makvandi et al., 2021):

The PET index is one of the most popular thermal indices designed for the investigation of thermal parameters outdoors. It integrates
the impacts of all physiologically related climate parameters (relative humidity, air temperature, mean radiant temperature, and wind

speed) and personal parameters (metabolic rate and clothing insulation level) to give a single temperature index.

PET is based on personal characteristics like age, gender, clothing, and specific human activities. Meanwhile, UTCI
doesn’t consider all the previously mentioned aspects (Pantavou et al., 2018). Also, PET is used to express thermal
comfort in different weather conditions and has been used in research for several cities around the world, for example,
Munich (Mayer and Hoppe, 1987), Taiwan (Lin, 2009), Tian (Lai et al., 2014), Rome (Salata et al., 2016) and Port Said in
Egypt (Elraouf et al., 2022). Areas within Brazil have also been studied using the parameter, including Campo Grande
(Lucchese and Andreasi, 2017), Belo Horizonte (Hirashima et al., 2018) and Sao Paulo (Spangenberg et al., 2007; Car-
fan, Galvani and Nery, 2012; Shinzato et al., 2019). Moreover, the PET results are expressed in degrees Celsius (°C), and
the human thermal sensation is represented by a comfort index table that ranges from “very cold” to “very hot”. Each
level of comfort from the mentioned table is defined by a range of temperatures (°C). Considering the range of climatic
conditions and cultural contexts that PET can be studied in, it is possible to assume that the comfort index can vary for
different locations. Thus, the comfort index table must be adjusted for each climatic condition and cultural context.

According to Hirashima et al. (2018):

The PET neutral comfort value range in Belo Horizonte is from 16 °C to 30 °C PET and the hot range starts at 32 °C, while in Kassel/
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Freiburg neutral range is from 18 °C to 28 °C PET and hot range starts with 35 °C PET. A comparison of thermal perception in tropical
and temperate climates shows differences in the comfort zone of almost 4 °C PET. This means that a standard calibration of PET is not
possible but has to be matched to the respective climate region. Therefore, the results of this study have local validity and may not

be applicable in different climates and cultural areas without adaptations.

Some of the reviewed studies that used PET to indicate comfort levels in Brazil calibrated the PET assessment
ranges with the use of questionnaires (Lucchese and Andreasi, 2017; Hirashima et al., 2018; Hirashima, Assis and
Nikolopoulou, 2016). Hirashima, Assis and Nikolopoulou (2016) conducted 1693 interviews in the summer and winter
of 2013. The mentioned study defined a range of: “Cold” for PET values below 19°C, “Neutral” for PET values between
19°C and 27°C, and “Hot” for PET values greater than 27°C. Neutral temperatures were 27.7°C in summer and 15.9°C
in winter, while preferred temperatures were 14.9°C in summer and 20.9°C in winter for Belo Horizonte, Minas Gerais
state capital. However, the calibration used to interpret the findings of this analytical research is based on research
done with Sao Paulo’s population and can be seen in the table below. The values used are proposed by Monteiro and
Alucci (2010a, as mentioned by Monteiro 2018) through the correlation of Sao Paulo city meteorological data and a
survey applied to 1591 people in winter and summer conditions. Monteiro’s thesis (2018) was conducted at the Univer-
sity of Architecture of Sao Paulo (FAUSP). The research is dedicated to studying thermal perception in outdoor spaces

and demonstrates its calibration concerning PET values, specifically for different cities in Brazil, focusing on Sao Paulo.

PET (°C) Thermal Perception
>43.0 Very Hot
34.1-43.0 Hot
26.1-34.1 Slightly Hot
18.0- 26.0 Comfortable/Neutral
12.0-17.9 Slightly Cold
6.0-11.9 Cold
<6.0 Very Cold

Figure 6.8.01 - Table with calibration for PET according to Sao Paulo conditions.
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6.9. RESULTS

This section starts with individual analyses of the six studied hours to illustrate the microclimatic conditions within
the ten scenarios’ sites. Afterwards, the section focuses only on thermal comfort and air quality through the Physio-
logical Equivalent Temperature (PET) and PM2.5 parameters for each studied hour, comparing the weighted average
value for each scenario. The weighted average sums the value of each m2 and divides it by the entire area to find a
figure representing the site. After the first set of results is analysed, a few questions are raised. Thus, a second batch
of simulations is carried out, and their results are equally discussed in this section. Finally, a second version of the
Environmental Performance Matrix displaying the main results is developed, displaying this chapter’s main results and

completing this section.
6.9.1. STUDIED HOURS

HOT DAY AT THE HOTTEST HOUR (HH)

HH - Average Potential Air
Temperature (°C)
32.10
32.00
31.90
31.80
31.70

31.60
NS1 NS2 NS3 NS4 NS5 EW1 EW2 EW3 EW4 EWS

Figure 6.9.01 - Graph comparing the potential air temperature average (°C) within the studied site between cases.

The highest air temperature predicted in the 2050 weather file is 34.5°C at 3 pm on October 11th. The simulation
shows that dry bulb temperatures in the site vary from 31.8°C to 32°C. The closest value to the one inputted for this
hour (34.5°C) is spotted in the east-west scenario with no vegetation (EWO01): 33.41°C. All other cases show average air
temperatures equal to or lower than 31.9°C. EW02 and EWO03 (grass and grass with living walls) present higher temper-
atures (31.9°C), followed by NSO2 (grass) at 31.8°C. The lowest weighted average temperature is spotted in the NSO5
case (grass and trees). For example, NS1(no vegetation), NS2 (grass), and NS3 (grass and living walls) all showcased a
maximum velocity of 3.12 m/s. Yet, in the NS4 and EW4 cases, with hedges and grass, the maximum value drops to
2.62 m/s. Even though it could be believed that the results suggest that hedges can be more effective in reducing it,
this is not true. The air movement results shown are at the height of 1.50m, which is closer to the hedge vegetation

when considering the tree crown starts at 4m. However, the trees have a higher overall mass than hedges. Thus, trees
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HH - Wind speeds (m/s)
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Figure 6.9.02 - Graph comparing the wind speeds (m/s) within the studied site between cases.

have a higher impact on wind speeds and air movement. The mentioned affirmation is confirmed when analysing the
wind velocity pattern at different heights. For example, even at 8.5m height, where air movement is enhanced (figure
x1 - approximately the middle of the trees’ crowns), the wind velocity is lower compared to areas outside the terrain.
Moreover, as expected, the mean radiant temperature (MRT) highlights the impact of shading and coverage of hard-
scape by green elements, which is a clear indication of human thermal comfort. In all cases, the shaded areas caused
by the building and boundary walls show a 1°C MRT decrease. SSome terrain spots also present a further one-degree

decrease when the grass is added. When adding living walls, the areas within the site are shaded and covered with

HH - Mean Radiant Temperature - MRT
(C)
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Figure 6.9.03 - Graph comparing the MRT (°C) within the studied site between cases.

grass, and the MRT enhances even further than hedges. However, the more significant impact happens on cases NS5
and EWS5 when trees are added, generating shading areas up to 15°C less than the exposed ones (image 03). Overall,
it is possible to observe how the maximum, minimum and average MRT values are always lower in the scenarios with

trees (image 03). The mentioned results showcase the positive shading impact of the trees on a hot day.
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The indoor dry bulb temperatures illustrate a minimal difference between scenarios (image 04). Concerning the
north-south cases, the scenarios without vegetation, with grass, and grass + living walls (NS1, NS2 and NS3), the air
temperature is 26°C in the classroom and 24°C inside the circulation area, which has the north fagade with cobogos.
On the NS4 (with hedges), air temperatures in the corridor remain the same as in the cases mentioned (24°C). Yet,

the classroom reaches almost 27°C in the case with hedges (NS04), the highest within NS cases. Until now, all the

HA - Indoor Dry Bulb Temperature (°C)
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Figure 6.9.04 - Graph comparing the potential air temperature indoors within studied cases.

classroom temperatures are higher than in the corridors. Finally, the lower values are spotted in the NS5 (trees and
grass), and for the first time, both the classroom and circulation have the same dry bulb temperature: 22°C. The NS05
results indicate the positive impact of trees as shading elements, reducing the indoor temperature to the same level
as the area with a shaded fagade (cobogos in the circulation). In east-west iterations, the dry bulb temperatures are
also higher in the classroom than in the passage hall in most scenarios. The case with trees (EW5) has a different result
once again. Yet, concerning EW cases, EWO05 shows a higher dry bulb temperature in the corridor, the highest recorded:
29°C. The mentioned result can be understood when remembering that these measurements are recorded at 3 pm

when the sun angles are lower and almost parallel to the western facade, causing negative indoor impact.

HOT DAY AT THE MILD HOUR (HM)

HA - Average Potential Air Temperature

25.9
25.8
25.7
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24.9
NS1 NS2 NS3 NS4 NS5 EW1l EW2 EW3 EW4 EWS

Figure 6.9.04 - Graph comparing the potential air temperature average (°C) between cases within the studied site.
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HA - Wind speeds (m/s)
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Figure 6.9.05 - Graph wind velocities (m/s) within the studied site between cases.

On the hottest day of 2050, the average temperature is at 09 am, being 25.2°C. The results demonstrate an al-
most constant air temperature between cases NS1 and NS4 (complete exposure, grass, grass plus living walls and grass
plus hedges). However, there is a 0.5°C reduction with the addition of trees. There is a slight air temperature decrease
amongst the east-west cases when greenery is added. Once again, the iteration with trees (EWO05) shows a more signif-
icant difference (0.5°C) when compared to no vegetation (EWO01). At this specific period of the day, the wind velocities
are substantially lower than at the hottest hour, with the maximum average within the site reaching 0.74m/s. The
previous image shows the only case with a more considerable velocity reduction is the NS4 (northeastern building with
grass and hedges). Moreover, the mentioned pattern can also be observed in the hottest hour. However, it is essential
to state that the EW4 is also built with hedges and grass, but there is no reduction in wind speed. The previous result

is an example that the environment can be changed or altered when the same element is placed in different locations.

Figure 6.9.06 - Diagrams comparing the wind speeds within the site on case NSO4 and EW04.

:
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On the studied hour, the wind prevails from the south, and the hedge is also placed in this direction, generating an area

with less air movement (figure 6.9.06).
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As expected, the values of MRT (mean radiant temperature) are lower than in the hottest hour. The weighted aver-
ages on this hour vary from 39°C to 47°C, reaching a maximum of 54°C. In contrast, the HH (hottest hour) ranges from
48°Cto 55°C, with a maximum of 58°C. Once again, there is a reduction in the mean radiant temperature in the scenari-
os with trees (NS5 and EW5). Moreover, the areas underneath the trees reach 27°C on the NS case and 30°C on the EW.

Another example of different performances of the same element when positioned differently. Concerning the indoor

HA - Mean Radiant Temperature - MRT
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Figure 6.9.07 -Graph comparing the MRT (°C) between cases within the studied site.

dry bulb temperatures, there was a minimal difference between scenarios (figure 6.9.08). However, air temperatures
in both indoor spaces within north-south cases (NS) are slightly lower in the scenario without vegetation: 22.4°C and
22.34°C. Moreover, the iteration with trees has the lowest value: 21.9°C. Between the east-west cases, the EW5 (with
trees) showcases the higher temperatures for the indoor areas. The mentioned case has an air temperature of 25.3°C
in the classroom and 22.5°C in the corridor (almost three degrees difference). The EW5 corridor temperature is the
closest indoor value to the outdoors. Contrary to the hottest period of the hot day (HH), the combination of the tree
and cobogo is positive for the indoor environment. The result confirms the natural best performance of a room when
there is no direct sun, considering the results are recorded here at 9 am. While also confirming the positive impact of

architecture (cobogo) and natural shading (trees).

HA - Indoor Dry Bulb Temperature (C)
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Figure 6.9.08 - Graph comparing the potential air temperature indoors within studied cases.
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HOT DAY AT THE COLDEST HOUR (HC)

HC - Wind speeds (m/s)
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Figure 6.9.09 - Graph comparing the wind speed(m/s) within the studied site between cases

The lowest air temperature on the hottest day is at 07 am, 19.4°C. The simulation captured dry bulb temperatures
from 20°C to 20.2°C in all scenarios. The wind speed results are almost identical to the average hour (image 13). The re-
sult is expected considering that the wind velocities input for both hours have only a 0.2 m/s difference. With lower air
temperatures, the MRTs within the studied site are not higher than 39°C. Even though the coldest hour also presents a
clear, unobstructed sky, at 07 am, there is not enough time for solar irradiation to accumulate on the surfaces. Unlike

the other analysed periods, the mean radiant temperatures remain constant without expressive changes, even in the

Mean Radiant Temp.

below 17 °C
17t 19°C
19te 21°C
21t 24°C
24t 26°C
260 28 °C
2Bto 30°C
30to 33°C
33t 35°C
above 35 °C

NE00O0NM

_—

EW 05

Figure 6.9.10 - Diagrams comparing the MRTs within the site on cases NSO5 and EW05.

scenarios with trees. The mentioned result can be the first indication of direct shade-creating spaces where heat is be-
ing belatedly released. The phenomenon happens as the shaded area reduces the exchanges with the night sky. With

less exchange, the heat is released slower than on exposed surfaces (Hollick, 2012). The indoor temperatures in the
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HC - Indoor Dry Bulb Temperature (C)
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Figure 6.9.10 - Graph comparing the potential air temperature indoors within studied cases.

north-south scenarios are closer to the outdoor ones. Yet, the east-west iterations showcased higher temperatures in
the rooms than outside areas. For example, the classrooms in EW1 (no vegetation) and EW2 (with grass) have around
5.0°C higher dry bulb temperatures than the north-south ones. The classrooms face east, which faces the morning sun,

so solar irradiance may be enhancing the temperature inside.
COLD DAY AT THE HOTTEST HOUR (CH)

On the coldest day of 2050, the hottest temperature is 17.1°C at 3 p.m., which is the input for the simulation. At
this hour, amongst cases, the registered dry bulb temperatures in some areas reach 20.05°C to 20.15°C, which is higher

than the last studied hour. Naturally, the mean radiant temperature values registered are higher than previously found.

CH - Mean Radiant Temperature - MRT
(C)
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Figure 6.9.11 - Graph comparing the potential air temperature average (°C) within the studied site between cases.

Even though the input temperature is lower, the CH period happens at 3 p.m., the latest one (hottest day, coldest hour)
is at 7 a.m., and both periods present a clear sky. Hence, the dry bulb and mean radiant temperature in both cases
suggest the effect of the solar radiance on diminishing thermal comfort. Moreover, the scenarios NSO5 and EW05
showcase lower MRTs, specifically under the trees. The previous result once more demonstrates how blocking direct

sun can make some spaces cooler during periods of higher radiation exposure. The indoor spaces have temperatures of
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approximately 20°C in almost all cases (figure 6.9.12). The only exceptions are the cases with trees (NS5 and EWS5). In
the NS5, the corridor’s temperature is over 25.3°C, and 24.2°C in the EWS5. The corridors’ facades face south and west

and are treated with cobogos. Thus, the heat loss to the outdoors is reduced. Additionally, shading provided by trees

CH - Indoor Dry Bulb Temperature (C)
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Figure 6.9.12 - Graph comparing the potential air temperature indoors within studied cases.

on the facades decreases even further the mentioned loss. The result is a hotter environment, even in a cooler hour.
In previous cases, lower dry bulb temperatures were shown to be connected to higher pollution concentration levels.
However, the overall PM2.5 concentration is lower during this period than on the hottest day, at a colder hour (HC).
This result probably happens because the dry bulb temperature recorded on-site through simulations is higher than

the HC. Also, even though the wind velocities are similar between hours, the prevailing direction is different.
COLD DAY AT THE MILD HOUR (CM)

On the coldest day of 2050, the average temperature is 11.9°C at 10 am, with the sky almost entirely clouded.
The dry bulb temperatures within the site range from 13.06°C to 13.15°C. Additionally, wind velocities are the same

CA - Mean Radiant Temperature - MRT
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Figure 6.9.13 - Graph comparing the MRT (°C) within the studied site between cases.

amongst cases except for the iterations with trees, where most areas displayed a slightly lower speed. As seen on the

CH (the coldest day and hottest hour), the dry bulb temperatures registered at this hour are higher indoors than out-
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Figure 6.9.15 - Diagrams comparing the wind speeds within the site on cases NSO5 and EW05

doors in all scenarios, roughly four degrees (figure 6.9.16). In most cases, the classroom shows higher temperatures
than the corridor. Finally, the NS5 and EWS5 show higher temperatures again, with the NS5 being the highest: 21.2°C.
The result is followed by 20.6°C in the classroom and 20.3°C in the corridor within the EW5. With the lower dry bulb
temperature and cloudy sky, this hour shows PM2.5 levels significantly higher than previously studied hours. This day’s

high sky coverage, 76% humidity, and low wind speed of 0Om/s to 0.7m/s are probably responsible for the result.

CA - Indoor Dry Bulb Temperature (C)
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Figure 6.9.16 - Graph comparing the potential air temperature indoors within studied cases
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COLD DAY AT THE COLDEST HOUR (CC)

The colder temperature is 8.0°C at 7 a.m. on the coldest day of 2050. Therefore, the simulation’s air temperature
ranges from 10.75°C to 11.77°C. Furthermore, the MRT average within the site is 3.5°C, except for the cases with hedg-
es and trees (NS04, NSO5, EW04 and EWO05). Once more, areas under trees showed 7.0°C MRT, being even higher than
what was found in the exposed scenarios (NSO1 and EWO01). The results show how denser vegetation typologies, such

as trees and hedges, can benefit the environment even in the coldest conditions. Even though the air temperature out-
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Figure 6.9.17 - Graph comparing the MRT (°C) within the studied site between cases.

doors ranges around 11°C, the registered indoor temperatures vary around 19°C (image 25). Therefore, the mentioned
result showcases, once more, the importance of enclosed spaces during critical climatic conditions. Additionally, the

classroom has higher temperatures than the corridors in all scenarios.

CC - Indoor Dry Bulb Temperature (C)
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Figure 6.9.18- Graph comparing the potential air temperature indoors within studied cases.
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6.9.2. PHYSIOLOGICAL EQUIVALENT TEMPERATURE (PET) STUDY

This section’s results analysis is mainly based on the comfort band for each PET value presented in section 6.8 of
this chapter. The table mentioned above is presented once more below with the addition of a colour pattern that will
be repeated in the following diagrams. However, it is essential to state that there are better and worse conditions with-

in each band of thermal perception.

PET (°C) Thermal Perception
34.1-43.0 Hot
26.1-34.1 Slightly Hot
18.0 - 26.0 Comfortable/Neutral
12.0- 17.9 Slightly Cold

Very Cold

Figure 6.9.19 - Table of PET values and thermal perception with color legend.
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HOT DAY AT THE HOTTEST HOUR (HH)

At this hour, the air temperature is 34.5°C with a clear sky and 6.5m/s wind speed from the east-southeast. The
results reveal a mean average PET between 36.5°C to 40.9°C within sites of the EW cases, which is perceived as hot.
Moreover, the NS scenarios show PET between 35.5°C and 41.7°C, also hot (or strong heat stress). The NS case has a
solid 2m boundary wall around the site, which EW doesn’t. The boundaries reduce the wind velocities, consequently
increasing the PET. Moreover, NSO5 (with grass and trees) is the only NS case with lower PET than EW. The relationship
between the tree’s location and wind direction could explain the result. As expected, the scenarios with trees have the
overall best performance in both situations (NS and EW) due to this green element shading ability. As also expected,
the hard pavement cases (NSO1 and EWO01) have the worst performance, showing a weighted average value within the

site of 41.7°C (hot thermal perception).

The cases with hedges (NS04 and EW04) and living walls (NSO3 and EWO03) perform better than the cases with only
grass (NS02 and EW02), which is also expected. However, the NS04 (with hedges) performs poorly in comparison with
NSO03 (with living walls), which has a superior result than the EW03 and EWO04 (living wall and hedges). The results also
show the importance of higher vegetation, such as living walls (2m in height). The element generates a more enhanced
shaded area than hedges (1m in height). However, in the cases with higher wind velocities (EW), the hedges and living
walls have a similar impact due to the lack of boundary walls. The result suggests better vegetation performance in

environments protected by solid barriers.

Hot day
(11/10/2050) PET (°C) Thermal Perception
. Toese e
: --------------- 2:::;‘1 Shg:(::Ho( [
18.0-26.0 Comfortable/Neutral j
Hottest hour ’
(3.00 pm) 12.0-17.9 Slightly Cold
Air temperature: 34.5°C + + +
Cloud cover: 0
i A i A ) A
Wind speed: 6.5m/s —) W/l ol IHW\JJI/W‘ILMV'V WWD
(°c)
g 2 40.9 39.8 38.6 38.6 36.5
EWO01 EWO02 EW03 EWO04 EWO05
North
a41.7 a41.4 39.7 41.2 35.5
South
NSO1 NS02 NSO3 NS04 NSO05

Figure 6.9.20 - Diagrams showcasing the PET levels in the site on the north-south cases.
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HOT DAY AT THE MILD HOUR (HM)

Even though the mild hour has an air temperature 10.3°C lower than the hottest hour, 25.2°C, the PET mean aver-
age varies about 1°C in the same cases between the two hours. The PET within the site on the East/West cases range
from 34.8°C to 40.5°C and from 34.9°C to 41.3°C on the North/South ones. Regarding the environmental conditions
input for the mild hour, the wind speed is 2.6m/s instead of 6.5m/s (hottest hour), the relative humidity is 83% instead
of 53%, and the sky isn’t obstructed. Lastly, the mentioned correlations between the mild and hottest hours input and
outputs indicate how lower wind speed, higher humidity, and solar exposure can create a perception of greater heat
stress. For the 25.2°C air temperature, the site is under moderate heat stress in all the cases. NSO5 and EWO05 (with
trees) display PET of 34.9°C and 34.8°C, closer to 34°C, which is the limit for slight heat stress perception. Moreover, in
both NS and EW, the hedges performed worse than the living walls.

Hot day
(11/10/2050) PET (°C) Thermal Perception
- [ e e
: 34.1-43.0 Hot
! 26.1-34.1 slightly Hot
M | Id h our 18.0-26.0 Comfortable/Neutral
(900 am) 12.0-17.9 Slightly Cold
<6.0 Very Cold
Air temperature: 25.2°C + + +

Cloud cover: 0

Wind speed: 2.6m/s

Mndadbindiie sl b Ml laalldnil

(°C)
g & 40.5 39.9 38.1 39 34.8
EWO01 EWO02 EWO03 EWO04 EWO05
North
413 40.6 38.8 40 34.9
South
NSO1 NS02 NSO3 NS04 NSO5

Figure 6.9.21 - Sketch diagram showcasing the PET values on NS and EW cases within the hot day mild hour (°C).
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HOT DAY AT THE COLDEST HOUR (HC)

At 7:00 a.m., with an air temperature of 19.4°C, the cases with trees (NSO5 and EWO05) are the only ones within
the slight heat stress band, displaying 26.9°C and 27°C mean average PET. All other scenarios are within moderate
heat stress (above 34.1°C). Moreover, the EW cases with no solid boundaries perform better than the NS. Additionally,
once more, the living walls display lower PET than the cases with hedges, with NSO3 and EWO03 having the same mean
average value (30.9°C). Lastly, it is essential to state that the relative humidity, cloud cover, and wind speed conditions
are approximately equal to those of the mild hour. However, this hour is at 7 am, with less solar radiation accumulation
and has a dry bulb temperature reduction of 5.8°C compared to the average hour. The mentioned changes are the main

variables that produce a PET decline of around 8°C from the average to the coldest hour in all cases.

Hot day
(11/10/2050) PET (°C) Thermal Perception
! T
I_ ______________ 34.1-43.0 Hot
: 26.1-34.1 Slightly Hot
Coldest hour 180-260 Comfortable/Neutral
(7:00 am) 120-17.9 Slightly Cold

Air temperature: 19.4°C
Cloud cover: 0

i ;
Wind speed: 2.4m/s bl
(°c)
g 7 . 1.
g @ 32.2 31.9 30.9 31.4 26.9
EWO01 EWO02 EW03 EWO04 EWO05
North
33.5 33.2 30.9 33.2 27
South
NSO01 NS02 NSO3 NS04 NSO05

Figure 6.9.22 - Sketch diagram showcasing the PET values on NS and EW cases within the hot day and coldest hour (°C).
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COLD DAY AT THE HOTTEST HOUR (CH)

This is the hour with a 17.1°C air temperature, the hottest hour of the coldest day in 2050. In this hour, almost all
cases present PET values considered comfortable (18°C to 26°C). The only scenario considered slightly hot is the NSO1
(with no vegetation). Overall, the lowest PET is 21°C, and the highest is 26.7°C. That is the first of the given hours with
scenarios considered comfortable. The cases with the best performance are, once more, NS05, EWO05 (with trees) and
EWO3 (living walls), which is a case with no solid boundary walls. The results exhibit the impact of solar radiation on
clear sky days anew, as the PET levels are still high when considering the 17.1°C dry bulb temperature. Results also

maintain the same performance relation of green elements in compassion with the other studied hours.

_______________ 34.1-43.0 Hot

26.1-34.1 Slightly Hot
Hottest hour 18.0-260 Comfortable/Neutral
(3:00 pm) 120179 sightly Cold

Air temperature: 17.1°C +
Cloud cover: 0
I A I A
Wind speed: 2.1m/s e WW‘/LWL" WW‘MWLA bl WWM
(°c)
8 2 24.8 23.8 22.1 23.7 21
; Ll
EWO01 EW02 EWO03 EW04 EWO05
North
26.7 26.5 23.9 25.5 21
South
NSO1 NS02 NSO3 NS04 NSO5

Figure 6.9.23 - Sketch diagram showcasing the PET values on NS and EW cases within the cold day and hottest hour (°C).
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COLD DAY AT THE MILD HOUR (CM)

The hour has an 11.5°C dry bulb temperature, a 0.6m/s wind speed, 88% relative humidity and a partially clouded
sky for the first time within studied hours. Nonetheless, all East/West cases have higher PET values than the cold day
mild hour (CM). Additionally, apart from NSO5 (with trees), the North/South cases are lower than CM but with very
similar PET: 22°C to 26.3°C in this hour against 21°C to 26.7°C in the previous one. Also, even with an air temperature
of 23°C lower than the hottest studied hour of this analytical exercise, the NSO1 (no vegetation and with boundary
walls) is still considered slightly hot. Once more, NSO5 and EWO05 (with trees) display the lower values: 22.2°C and 22°C.
Additionally, living walls (NS03 and EWO03) follow with 23.5°C and 23.4°C. Finally, the results indicate how the lack of

air movement and mainly solar irradiation (even when reduced) can increase the perception of warmness despite cold

air conditions.

PET (*C) Thermal Perception

' 34.1-43.0 Hot
]
. 26.1-34.1 Slightly Hot

Average hour 18.0-26.0 Comfortable/Neutral
(9:00 am) 12.0-17.9 Slightly Cold
Air temperature: 11.5°C + + +
Cloud cover: 4
A n A 1 A
Wind speed: 0.6m/s —— ool ol bl WLy
(°c)
g E 25.9 25.1 23.4 24.5 22.2
EWO01 EWO02 EW03 EWO04 EWO05
North
26.3 25.7 23.5 25.3 22
South
NSO1 NS02 NSO3 NS04 NSO05

Figure 6.9.24 - Sketch diagram showcasing the PET values on NS and EW cases within the cold day and mild hour (°C).
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COLD DAY AT THE COLDER HOUR

At 7:00 am, the air temperature is 8.5°C with partial cloud coverage and wind speed of 01.m/s and 100% humidity.
At this hour, all the cases are within the band of no thermal stress apart from the living walls. The weighted average PET
figures are 17.6°C (EW03) and 17.7°C (NS03), indicating slight cold stress (below 18°C). The EWO01 (no vegetation and
no boundary walls) has the highest PET: 18.7°C. The finding may again showcase the potential of exposed materials to
instore and transfer heat, even within partially clouded conditions. The sites with trees (NSO5 and EWO05) register the

second-highest mean average PET values: 18.4°C.

_______________ 34.1-43.0 Hot

261-34.1 Slightly Hot
18.0-26.0 Comfortable/Neutral
120-179 slightly Cold

<60 Very Cold

Air temperature: 8.5°C
Cloud cover: 5

. )
Wind speed: 0.1m/s oLl
(°)
! 8 18.7 18.3 17.6 18.3 18.4
EWO01 EW02 EWO03 EWO04 EWO05
North
18.2 18.4 17.7 17.9 18.4
South
NSO1 NS02 NSO3 NSO04 NSO5

Figure 6.9.25 - Sketch diagram showcasing the PET values on NS and EW cases within the cold day and colder hour (°C).
COMPARISON BETWEEN DAYS

All sixty scenarios studied in this analytical work show the cluster of trees with grass performing well in each
studied hour. The results confirm trees as the best overall SGI component for a more constant thermal perception in
different weather conditions. In more detail, the cases with trees and grass (NSO5 and EWO05) during the hours with
higher air temperatures always showcased lower PETs than others. On the coldest hour of the coldest day, the NSO5
and EWO05 have an average PET value equivalent to the other case, with values still within the no thermal stress band.
In conclusion, trees reduce the thermal amplitude during the day, bringing temperatures mostly inside the comfortable
thermal band: 18°C to 26°C. Furthermore, when considering the average thermal comfort band (22°C), NSO5 and EW05

weighted average values remained constantly closer to it.

217



mNSO1 mEWO1 NSO2 mEWO02 mNSO3 mEWO03 mNS0O4 mEWO4 mNSO5 EWO05

41.4

38.8

©
=)
<

39.7
35.5

41.3

~
i1
S o
< o
)
()]

|—|
mLDL.D
0000
(20N N3al
Cﬁ
<l'
h =
cn
N
O’)?
=1
o
“ ~
4
m
n © S
(o] o o
o~
N o
o
o
~
OO
'\ l\
m
o
o

HOT DAY HOTTEST HOT DAY MILD HOT DAY COLDEST COLD DAY HOTTEST COLD DAY MILD COLD DAY COLDEST
HOUR HOUR HOUR HOUR HOUR HOUR

33.2

3 5
25.9
24.5

25.3
3

18.4

17.9

Figure 6.9.26 -Graph showcasing the PET values on NS and EW during the six studied hours (°C).

MAIN OUTCOMES

e The cluster of trees is shown to be the best small-scale green infrastructure to enhance thermal comfort.

e Overall, the 2 m-high living walls perform better than the 1m hedges.

. Hard pavement and only grass have similar performance. However, hard surfaces exposed to solar radiation on extremely cold periods

could perform better than grass.

. Higher wind movement is an important variable in increasing psychological thermal comfort during most hours of the year. However, it

is not as essential as providing shaded areas.
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6.9.3. INHALABLE PARTICULATE MATTER

This section focuses on the weighted average concentration found on each case inside the site. The air quality
benchmark is extracted from CETESB, the environmental company of the State of Sao Paulo, which evaluates the pol-
lution levels within the cities in the state. CETESB data was discussed in Chapter 05 to indicate the pollutant input for
EMEF Amorim Lima Analytical research. The 6.7.2 section of this chapter also thoroughly discusses the data collected
by the mentioned environmental company. Besides recording data, CETESB evaluates air quality conditions and pro-
duces annual air quality reports. The last report on the Company’s website is from 2022 (CETESB 2022), with different
benchmark tables. Most of the public students in the state (as discussed in Chapter 3) are under a half-day learning

system. Thus, the concentration of Pm2.5 pollutants will be assessed based on the short-time exposure parameters

(below 24 hours) shown below.

Air Quality PM2.5 concentration

What it means

N2 - MODERATE 41-80

81-120

121 -200

>200

People from sensitive groups (children, the elderly and people with respiratory and heart diseases)
may experience symptoms such as dry cough and tiredness.
The population, in general, is not affected.

The entire population may experience symptoms such as dry cough, tiredness, burning eyes, nose
and throat. People from sensitive groups (children, the elderly and people with respiratory and
heart diseases) may experience more serious health effects.

The entire population may experience worsening of symptoms such as dry cough, tiredness,
burning in the eyes, nose and throat, as well as shortness of breath and wheezing. Even more
serious effects on the health of sensitive groups (children, the elderly and people with respiratory
and heart diseases).

The entire population may be at serious risk of respiratory and cardiovascular diseases. Increase in
premature deaths in people from sensitive groups.

Figure 6.9.27 - Diagram showcasing the PM2.5 values on NS and EW cases within the hot day hottest hour (ug/m3).
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HOT DAY AT THE HOTTEST HOUR (HH)

This hour showcases lower levels of PM2.5 in the cases with boundary walls (NS) compared to the open sites (EW).
The North/South cases have a slight difference of 4.8 pg/m3 from the least to most polluted ones. The cases without
vegetation also show lower pollutant concentrations: 22.8 pg/m3 (NSO1) and 39.8 ug/m3 (EWO01). EWO01, without veg-
etation, is the only within EW cases (without boundary walls) to present the mean average PM2.5 concentration below
40 pg/m3, considered “good” by CETESB (2022). All NS cases (with boundary wall) demonstrate weighted average
results inside the good air quality band. Also, within the mentioned cases (NS), the scenario with trees (NS05) has the
worst result, with 27.6 ug/m3. The mentioned result is expected due to the potential of trees (higher density) to trap
pollutant particles, as shown in the literature review in Chapter 01, in addition to EMEF Amorim Lima’s fieldwork and
analytical works (chapters 04 and 05). Conversely, the East/West studied situations (with no boundary walls) reveal a
different pattern. The grass with hedges case (EW04) has the worst mean average PM2.5 concentration. The poorest
results after EW04 are EW03 (with living walls) and EW02 (only grass). However, within the EW cases with vegetation,
the trees’ scenario performs best: 41.6 ug/m3. These results suggest that trees could function as a barrier to prevent
more pollutant particles from entering the site without a boundary wall. The obstruction effect previously mentioned
could also be observed in the living wall scenario (EW03), which is 2m in height and performs better than the EW04
(hedges with 1m in height). It is important to note that the East/West cases with greenery are inside the moderate air
quality condition band, according to CETESB (2022). This indicates that sensitive groups could present symptoms due

to short exposure to this pollutant concentration.

Hot day
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] N2 - MODERATE 41-80
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Air temperature: 34.5°C
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Wind speed: 6.5m/s
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Figure 6.9.28 - Diagram showcasing the PM2.5 values on NS and EW cases within the hot day hottest hour (ug/m3).
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HOT DAY AT THE AVERAGE HOUR (HA)

The average hour (HA) is characterised by a lower air temperature of 9.3°C, a 30% higher relative humidity, and a
3.9m/s lower wind speed than the hottest hour (HH). These climatic differences result in mean average PM2.5 con-
centrations twice as high in each scenario. The simulated weighted average values are considered moderate (41 pg/
m3 to 80 pg/m3) for the boundary wall cases (NS). For the EW scenarios (without the wall), the results indicate bad
air quality (81 pug/m3 to 120 pug/m3). The correlations between the results shown below and the ones in the hottest
hour (previous page) are largely consistent during this period, except for NS04 (with solid barriers and hedges), which
records lower PM2.5 concentrations than the living wall case (NS03). The result could be exemplifying the protective

impact of boundary walls.

Hottest day
(11/10/2050) Air Quality PM2.5 concentration

]
]
]
. N2 - MODERATE 41-80

Average hour
(9:00 am)
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Air temperature: 25.2°C
Relative Humidity: 83%
Cloud cover: 0

Wind speed: 2.6m/s
Wind direction: East Southeast
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Figure 6.9.29 - Sketch diagram showcasing the PM2.5 values on NS and EW cases within the hot day mild hour (ug/m3).
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HOT DAY AT THE COLDEST HOUR (HC)

The dry bulb temperature drops 5.8°C at this hour compared with the average one (HA). However, the results are
similar to those of the last studied period, being within the same range of bad to very bad air quality (CETESB, 2022).
Once again, the EW cases present much higher PM2.5 concentration levels than the NS. However, the North/South
cases, besides those with trees, have similar pollutant concentrations within most cases: NSO1 to NS04. However, once
more, NS04 performs better, even if slightly. Finally, once more, the NSO5 (with trees) has the worst air quality: 74.2 pg/
m3 mean average concentration. Another repeated result from the previous studied hours is that the trees are not the
worst-performing SGI component within EW scenarios. Yet, hedges perform better than living walls for the first time,

even if slightly (1pug/m3).

Hot day
(11/10/2050)

] N2 - MODERATE 41-80
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(7:00 am)
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Air temperature: 19.4°C
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Wind speed: 2.4m/s
Wind direction: South
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Figure 6.9.30- Sketch diagram showcasing the PM2.5 values on NS and EW cases within the hot day coldest hour (ug/m3).

222



COLD DAY AT THE HOTTEST HOUR (CH)

At this hour, with an air temperature of 17.1 °C, the air quality is equivalent to the coldest hour of the hot day (HC)
(19.4°C air temperature). PM2.5 average values still range from bad to very bad air quality parameters (CETESB, 2022).
However, EW01 and EWO05 show lives below 80 pg/m3, having moderate performance. The East/West cases are again
higher than the North/South cases, and the concentration difference between elements is similar. For the second
time, the EWO3 (living walls) performs worse than hedges, now with a 3.7ug/m3 difference. Unexpectedly, the hedge
scenario (EWO05) performs even better than only grass (EW02). Furthermore, the NS04 has the lowest mean average
concentration within situations with vegetation, which was also exhibited during the intermediate and coldest hours
of the hottest day. This studied period is colder (2.3°C lower), 27% less humid and has a 0.3m/s lower wind speed
compared to the coldest hour of the hot day, having the same unobstructed sky conditions. The mentioned climatic
differences between studied hours result in a minimal 15ug/m3 mean average PM2.5 concentration difference within
cases with the same orientation and vegetation elements. Finally, for the third time, NS04 (grass, hedges and boundary

walls) performs better than NSO3 (grass, living walls and boundary walls).

Cold day -
(15/07/2050) Air Quality PM2.5 concentration
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Wind speed: 2.1m/s
Wind direction: West
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Figure 6.9.31 - Sketch diagram showcasing the PM2.5 values on NS and EW cases within the cold day hottest hour (ug/m3).
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COLD DAY AT THE AVERAGE HOUR (CA)

The climatic conditions at this studied hour contrast most significantly to the previously discussed periods: 11.5°C
air temperature, 88% relative humidity, cloud coverage of 04 oktas (partially clouded sky) and a 0.6m/s wind speed. It
is the first period where very bad (121 pg/m3 to 200 pg/m3) and terrible (>200 pg/m3) air conditions are registered.
Naturally, the cases without walls are within the terrible band, while the ones with walls are within the very bad band.
Additionally, it is also the first period within the East/West scenarios, where the one with grass (EW03) has a higher
PM2.5 concentration than the living walls (EW03) and the hedges (EW04). This hour also registers the worst air pol-
lution concentration in EWO05 (trees without boundary walls). Similar to the HH and HA (hot day hottest and average
hours), the EW04 (hedges) have a higher mean average PM2.5 concentration than living walls (EW03). Within the
North/South scenarios, the one with trees (NSO5) also performs worst, as in all previously studied hours. However,
NSO5, the case with solid barriers, has a mean average PM2.5 concentration of 191 pg/m3 against 241ug/m3 in EW05
(without walls). There is a correlation between the coldest hour of the hot day and this studied period: both have the
same resultant value in the cases NS02 and NS03, in addition to NSO1 and NS04. NSO1 (hard pavement) and NS04 (grass

and hedges) have a mean average pollutant concentration of 64.8ug/m3 on the coldest hour of the hot day.

Cold day
(15/07/2050)

1
1
1
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Wind speed: 0.6m/s
Wind direction: Southeast
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Figure 6.9.32 - Sketch diagram showcasing the PM2.5 values on NS and EW cases within the cold day mild hour (ug/m3).
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COLD DAY AT THE COLDEST HOUR (CH)

This period has PM2.5 results higher than the value considered by CETESB as terrible: 200ug/m3 in all scenarios.
Higher values than 200 pug/m3 are only exhibited on the East/West cases (without boundary walls) in the previously
discussed hour. However, the cited scenarios within this hour are two times higher than the average period. Concern-
ing the climatic conditions, this coldest period has an air temperature of 8.5°C, 0.1 m/s wind speed, 100% humidity
and a cloud coverage of 05 oktas. Moreover, within EW, the worst-performing scenarios are the EWO03 (living walls) and
EWO04 (hedges) with a pollutant mean average concentration of 473ug/m3, followed by the case with trees (EWO05):
458ug/m3. Finally, within NS, the scenario with hedges (NS04) is the worst, with 414pug/m3 and, subsequently, the
NSO3 (living walls) and NSO5 (trees): 408ug/m3. It is the first period where trees are not the worst-performing SGI

component in cases with boundary walls (NS).
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Figure 6.9.33 - Sketch diagram showcasing the PM2.5 values on NS and EW cases within the cold day mild hour (ug/m3).
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COMPARISON BETWEEN DAYS AND DISCUSSION

The input PM2.5 value into the source points around the site (as explained in the methodology) is 60ug/m3.
Moreover, the mean average pollutant concentration varies from 22.8ug/m3 to 473pug/m3 within all the scenarios and
six studied hours. The mentioned range of results combined with the analysis of climatic and morphological variables
proves the extreme impact of air movement on the dispersion and detention of pollutant particles. To conclude, the
higher the wind speed, the lower the pollution concentration. However, as the colder hours also displayed exceptional-
ly low wind velocities, the analytical work cannot establish the accurate impact of air temperatures on the PM2.5 con-
centrations. The difficulty in establishing the pattern between different temperatures is also spotted when analysing
the days with similar wind speeds. In more detail, there are three studied hours with similar wind velocities: 2.6m/s,

2.4m/s and 2.1m/s, with similar PM2.5 results.
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Figure 6.9.34 - Graph showcasing the PM2.5 values on NS and EW during the six studied hours (ug/m3).

The studies also proved the effectiveness of the 2m solid barriers near pollution sources in reducing their con-
centrations within scenarios at 1.5m height from the ground (studied level). For example, the East/West scenarios
(with solid boundary walls) display a higher variance between cases than the NW ones (with borders composed of
vegetation). The boundary wall is removed from the East/West scenarios and maintained in the North/South ones (as
discussed in the methodology) to record the impacts caused by this built element. This adds a morphological variable

to the EW cases, making it impractical to affirm whether different aperture orientations (NS and EW) impact pollutant

226



distribution. Furthermore, within the cases without boundary walls (EW), the hedges and grass (EW04) scenarios had
the worst results in four out of the six studied hours. The poor performance of hedges may be due to their density and
height. In this study, this element is only one meter in height and has a high LAD (leaf area density), as explained in
section 6.4.2. Thus, the component probably traps pollutants particles while not acting as an efficient barrier to pollut-
ant sources. The worst performance is followed by EW03, with living walls and grass without solid walls. In this study,
the living wall is an element of the same density as the hedges with a 2m height (also explained in section 6.4.2.). The
height difference could be trapping more pollutants around the terrain’s border and avoiding higher concentrations
within the site. Finally, scenarios with trees, grass, and no boundary walls (EW05) have the worst air quality perfor-
mance in one of the studied hours. The results above indicate that vegetation at the users’ height will further reduce

air quality when no built protection exists.

The findings illustrate the potential of different small-scale green infrastructures to reduce the air quality of a
space. The potential is enhanced when there aren’t boundary walls, a physical barrier against pollutant sources. The
importance of a built barrier to achieve better air quality results in NS cases raises the question of how EW scenarios
would perform with its addition. This question is answered in the next section (6.10). However, even when there is a
solid barrier between pollution sources and green elements, the SGI will still increase pollutant concentrations. This
thesis’s results have been connected to their capacity to reduce wind speeds. Air movement is proven to be the main
variable increasing pollution concentration. Yet studies also suggest that lower dry bulb temperatures are also respon-
sible for reducing air quality. Shin et al. (2021) have already associated lower temperatures with higher pollution risk.
Other studies have explored the effect of temperatures on pollution and aggraved mortality (Wine et al., 2022). For
example, Vaishali, Verma, and Das (2023) established a strong negative impact on pollution with temperature during
high humidity conditions. Furthermore, as the methodology section explains, high pollutant concentration episodes
occur only during a reduced portion of the year. Consequently, the question of whether the small-scale green infra-
structure would perform the same during hours with lower pollution levels is established. This will be answered in the

next section of this chapter (6.10).

MAIN OUTCOMES

e Without boundary walls, the air quality is always worse inside the studied site.

e Low air movement is extremely negative to air quality.

e Low dry bulb temperatures, high humidity and sky coverage are other variables probably connected to higher
particulate matter concentration.

Cases with boundary walls (NS):

e The cluster of trees is the SGI component with the best performance on days with higher wind movement.

¢ On days with minimised air movement, only grass scenarios perform better.
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e Overall, living walls and hedges had similar performances. However, the hedges are the worst performance
case for four of the six studied hours.

Cases without boundary walls (EW):

¢ The cases with trees were the worst within five studied hours, with hedges being the worst at the coldest hour.

e Hedges, living walls and grass had similar outcomes. The living walls were the worst case after the trees for
three of the six hours.

6.10. FURTHER ANALYSIS

6.10.1. THE EXERCISE

This section of this doctoral research aims to answer the questions raised in the studies of this chapter’s analyti-
cal exercises. As previously mentioned, the cases where the building openings are oriented to the East and West are
studied only without the boundary walls. Thus, this section explores all the EW scenarios by adding the same solid
walls used in the NS cases. As shown in the results, the coldest hour has the higher PM2.5 concentrations due to the
low wind speed of 0.1m/s. Consequently, the coldest hour of the cold day is chosen to simulate the EW scenarios with
boundary walls. Another question concerned the isolated impact of wind speed, air temperature and sky conditions.
Hence, the North/South cases are studied once more in the hottest hour of climatic conditions. However, the wind
speed is set to be 0.1m/s, the same input in the coldest studied hour, instead of 6.5m/s. Furthermore, the NS scenarios
are simulated in the coldest hour, with 6.5m/s wind velocity instead of 0.1m/s. The high levels of pollution input and
the knowledge of many public-school contexts having a lower pollution concentration in some periods of the year led
to the final question. This is how the same scenarios would perform in a case with less PM2.5 input. The new input
value is established based on the data collected by CETESB (2022). The data shows cities within the metropolitan region
of Sao Paulo with daily averages of the minimum value of 5ug/m3. The mentioned value is selected as the input for the

new batch of simulations to represent low air pollution scenarios.
6.10.2. RESULTS
EW WITH BOUNDARY WALL ADDITION

The results of the EW scenarios with the addition of boundary walls exhibit an expected reduction of the mean av-
erage pollution concentrations within the site. Even with the addition of the boundary walls, the PM2.5 concentration
levels within EW scenarios were still higher than the NS ones (also with boundary walls). However, the values between
NS and EW were much closer than before. The relations between cases were the same between EW with and without
boundary walls, except for the living wall case (EW03) and the scenario without greenery (EWO01). In more detail, the
EWO03 with boundaries has a lower PM2.5 concentration (414 pg/m3) than the EW04 (hedges): 420 pg/m3. On the oth-
er hand, the living wall (EW03) and hedges (EW04) scenarios without boundary walls registered 473ug/m3. Finally, the
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case without boundaries and no applied greenery (EWO01) has a lower mean average PM2.5 (423ug/m3) than the case
with grass (EW02), with 441ug/m3. However, when the boundary wall is added, the EWO01 (no greenery) has a higher
pollutant concentration (387ug/m3) than EW02 (grass), with 376ug/m3. The results of this new set of simulations con-
firm the positive impact of having barriers between pollution sources and green elements to enhance air quality. The
effect is less expressive in shorter vegetation (hedges and grass) cases. The results also showcase how the arrangement
of the built and natural space can change, even in a small percentage, the overall air quality of an environment within

identical microclimatic conditions.
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Figure 6.10.01 - Graph showcasing the PM2.5 values on NS and EW with and without boundary walls within the coldest hour (ug/m3).
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ALTERING THE WIND SPEEDS

The later set of analytical simulations displays an increase of 69% to 75% of PM2.5 concentration within cases when
the air movement is reduced from 6.5m/s to 0.1m/s. The mentioned results occur within the hottest hour of the hot
day with an air temperature of 34.5°C. According to the CETESB benchmark (2022), the scenarios that before showed
good air quality are now considered bad when diminishing wind speed. Moreover, during the colder period of the cold
day, there is a significant decrease in the pollutant concentration when the air movement is increased to 6.5m/s. At the
mentioned hour, the decline is 90% to 93% within the scenarios. In this case, all the scenarios had a weighted average
value significantly above 200 pg/m3 (terrible air condition). With the air movement enhancement, the value drops

below 40 pg/m3 (good air conditions). The results confirm how reduced wind movements decrease PM2.5 concentra-
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WIND SPEED: 6.5m/s

Figure 6.10.02 - Graph showcasing the PM2.5 values on NS within the cold day’s coldest hour and hot day’s hottest hour with the change of
wind speeds (ug/m3).
tions independent of the other climatic conditions. However, the results also show that a decrease in wind speed has
a more significant negative impact in the coldest hour than in the hottest. Furthermore, the coldest hour is also 47%
more humid with higher cloud coverage. Consequently, the results prove that higher relative humidity and sky cover-

age will increase particulate matter concentrations even with the same wind speed.
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LOWER POLLUTION (PM2.5) INPUT

Compared to the original simulations, the EW cases with a lower input of PM2.5 display 83% to 86% lower pollut-
ant concentrations within scenarios. Regarding the NS scenarios, the difference is 84%. Additionally, the NS has the
exact correlation between cases: NSO4 has the highest concentration, followed by NS03, NS05, NSO1, and finally NSO2.
However, between EW cases, when the pollution levels are lower, the EWO02 (grass) performs better than the hard
pavement (EWO01). Finally, both NS and EW scenarios move from terrible to moderate air quality conditions accord-
ing to CETTESB (2022) standards. The results suggest that the performance of each SGI element will be similar inde-
pendently of the level of source pollution. Additionally, the importance of the solid barrier against sources to enhance

air quality within the vegetated areas is maintained.
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Figure 6.10.03 - Graph showcasing the PM2.5 values within the cold day’s coldest hour with a lower pollution input (ug/m3).
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MAIN RESULTS

¢ Boundary walls are confirmed as having the best performance.

e Theimportance of the location of green elements and other morphological characteristics in defining a space’s

final air quality.

e Wind movement is the most important variable in defining pollutant concentration.

e Weather conditions such as dry bulb temperature, covered sky, and relative humidity have a greater direct
impact on air pollution. Sunny, less humid, and warmer days improve air quality conditions.

e The pollutant particle concentration, regarding different SGls, will perform similarly within days with higher
and lower air pollution sources.

232



6.11. THE ENVIRONMENTAL PERFORMANCE MATRIX:
MAIN OUTCOMES

This version of the matrix has the architectural and SGI components and studied scenarios presented previously in
this chapter in the first version. In addition, the main outcomes graphs are added. Hence, this section demonstrates

the Environmental Performance Matrix with the results and discusses its main outcomes.

MAIN OUTCOMES
e  For most of the studied hours, the best pollution performance is for the scenarios without vegetation, specifi-
cally NSO1.
¢ NSO1 (no vegetation) has the lowest PM2.5 concentration in the hottest hour of the day: 22.8ug/m3.

e NSO1’s PET (Physiological Equivalent Temperature) performance during the hottest hour is the worst: 89%
above the average thermal comfort.

e The best thermal comfort performance within the hottest hour is in NSO5 (with trees and grass), still 61%
above the average comfort line.

e EWO5 has the best thermal comfort performance for HM, HC, and CM (the mildest and coldest hours of the hot
day and the mildest hour of the cold day).

e On the coldest day, the case with no vegetation has the best thermal performance, followed by the case with
trees. Living walls have the worst performance.
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Figure 6.11.01 - Diagram of the 2nd Version of the Environmental Performance Matrix, with the main outcomes addition.
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6.12. CONCLUSION

This chapter establishes the relevant architectural and SGI components of interest to this doctoral research, which
are then studied in depth. This chapter meticulously explains the reasons for choosing the mentioned elements through
the examples of public schools in Sao Paulo (extensively reviewed in Chapter 3) and the example of School EMEF
Amorim Lima (studied in chapters 04 and 05). This chapter then establishes the periods of study based on harsher and
milder future conditions. The method section concludes with the Environmental Performance Matrix, presenting the
scenarios simulated in this chapter’s analytical work. Afterwards, there are four main strategies to analyse the work’s

extensive results. Each section reveals the main findings, which are discussed below.
6.12.1. STUDIED HOURS

The isolated analyses of each of the six studied periods show that when the dry bulb temperature (DBT) is 34.5°C,
the EWO01 (no vegetation and no boundary wall) has the worst DBT result, 11% less than the case with boundary wall,
trees and grass (NS05). Between both scenarios with trees (EW05 and NS 05), the one with the 2m physical barrier
in the terrain’s edge has 9% better performance. MRT results are approximately 25% better in areas under trees than
in non-vegetated portions of the site. The first hour already shows the extensive impact of trees on reducing overall
wind speed. Additionally, the positive impact of vegetation located on window height to enhance thermal comfort in
afternoon periods with lower sun is highlighted. Furthermore, when DBT is 25.2°C, the MRT is reduced by 46% in the
areas under trees, indicating the enhanced impact in milder conditions. The period with an air temperature of 19.4°C
creates areas with MRT 44% lower than areas with only trees. This result underscores the positive impacts of com-
bined building and tree shading. Also, the indoor dry bulb temperatures reached 25°C inside the classrooms in cases
without vegetation and with grass (NSO1, EWO01, NSO2 and EWO02), demonstrating the importance of vegetation in
regulating indoor comfort. In the period with DBT 11.9°C, MRT under trees is the same as the area with no vegetation:
approximately 24°C. Indoors, the rooms close to trees in NSO5 had a 10% higher DBT when compared to the case with
no vegetation (NSO1). Finally, at 8°C, MRT is 43% higher in areas under trees (NSO5) than NSO5. The results highlight
the tree’s capacity to maintain thermal comfort in warmer and colder periods. Indoors, unprotected areas with glazed

facades show the best results, confirming solar radiation’s positive impact in increasing thermal comfort.
6.12.2. PET AND PM2.5

Using PET as an indicator, the perceived thermal comfort within different scenarios confirms what was found
in the studied hours section. Trees are the best SGI components for maintaining thermal comfort in different weather
conditions. It was shown that the cases with trees performed 20% to 28% better in the hottest hour than the scenarios
without vegetation. In the coldest hour, the cases with hard pavement perform better than trees. However, trees still
perform better than other SGI components. In most studied periods, the living walls performed better than hedges.
During colder circumstances (under 10°C DBT), the hard pavement shows better overall thermal comfort when com-
pared with cases with grass (NSO02 and EWO02). The importance of shading and higher air movement to enhance ther-
mal perception is underscored in the results. The pollutant concentration results also established the wind speed as
one of the most important factors in enhancing air quality. On the other hand, trees were shown to be the worst SGI
component when considering particulate matter. The PM2.5 results show a 4% to 17% increase from the cases with no
vegetation (NSO1 and EWO01) to the scenario with trees (NSO5 and EWO05) in the hottest hour. Also, the coldest period

has an 11% to 12% increase in the PM 2,5 weight average concentration between the same cases. Even though the
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increase between cases is comparable, the colder hours with lower air movement and higher humidity have an expres-
sive decrease in air conditions. The built physical barrier at the site boundary is established as essential to enhancing
air quality at the site. The mentioned element, when used, showed a 52% reduction between the cases with grass
(NS02 and EW02). Afterwards, the further studies section of this chapter answered questions raised in the PET
and PM2.5 results. It confirmed the importance of boundary walls but established sun exposure, DBT, and air move-

ment as the most significant variables that define air quality.

6.12.3. FINAL REMARKS

This chapter closes with the second version of the Environmental Performance Matrix. The version is executed to
highlight the main impacts of the SGI and architectural components’ interactions, which were illustrated in the first
version. The matrix overviews the analytical research conducted here, showcasing scenarios and the most important
results. The results shown here suggest the best practices to be implemented in public schools in the context of Sao
Paulo. The next chapter of this research is dedicated to understanding the current policies in the state and developing

guidelines with a focus on architectural and SGI elements and their results, which are discussed in this chapter.
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/. APPLICABILITY STUDIES

GUIDELINES FOR THE PUBLIC SCHOOLS OF SAO PAULO
/7.1. INTRODUCTION

This chapter culminates the work conducted throughout this doctoral thesis, including EMEF Amorim Lima’s field
and analytical work and the Environmental Performance Matrix chapter’s analytical exercise. It is dedicated to trans-
lating the outcomes and acquired knowledge in this thesis into guidelines for the best use of SGIs and architectural
features in Sao Paulo’s public schools. Additionally, to illustrate the context where this chapter’s suggestions could be
implemented, examples of existing policies in place in the state are briefly discussed. The design guidelines are pre-
sented as the final version of the environmental performance matrix. To simplify and underscore the entire process of
this thesis’ main analytical exercise. The third version of the Matrix concludes chapters 06 and 07, showing the prin-
cipal elements, outcomes, and guidelines studied in them. To conclude, the chapter discusses the application of the

designed “best practices”, identifying how best to inform and apply them.

7.2. OBJECTIVES AND METHODS

Building upon this doctoral research's field and analytical exercises, the findings present a significant opportunity
to enhance existing school environments, shape future projects, and establish clear guidelines that can fit into the gov-
ernment’s educational department’s existing manuals alongside other policies. Implementing these suggestions has
the potential to expand the environmental benefits beyond the immediate surroundings of the school site, serving as
a model for other tropical megacities with similar urban environments. This underscores the broader applicability and

potential impact of the research beyond the immediate context of Sao Paulo.

MAIN OBIJECTIVES

e Compose guidelines for the best location of the studied architectural features on public schools™ projects con-
cerning environmental performance.

e Produce guidelines on adequately selecting the tree species for different urban contexts in Sao Paulo’s public
schools.

¢ Define which areas of school sites are the best for inserting Small Scale Green Infrastructure (SGI) to gain the
best environmental performance.

Understanding this thesis's outcomes, discussions, and conclusions is the main method of achieving the above-

mentioned objectives. The information used in formulating the proposed guidelines is, in essence, the findings from
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the fieldwork presented in Chapter 04, the outcomes of analytical work for EMEF Amorim lima in Chapter 05, and this
research’s main analytical exercise in Chapter 06. Additionally, knowledge of the architecture, functioning system,
and overall environment of public schools in Sao Paulo (Chapter 03) is valuable for defining the best practices. In the
mentioned chapter, another essential piece of information is the existing design manuals with policies to be applied
to the mentioned sites on a state level. For example, a specific manual produced by the FDE (Foundation for Educa-
tional Development of the State) establishes the vegetation that could and should be used in the schools’ terrains. The
mentioned manual displays several species of different vegetation typologies and indicates which ones are at risk of
extinction. It was extensively used in chapter 06 to define the characteristics of the SGi components to be studied. With
the state-provided information and knowledge acquired from the research outcomes, it's possible to indicate how the
vegetation should be used. Consequently, a table with best practices for SGI elements is built, which will be seen later
in this chapter. Other thesis conclusions are translated into a set of “best practices” represented by sketches and text.
It is a simplified set of ideas that could fit into different school environments throughout the state. Another method
of this chapter is to present and discuss the main outcomes of this thesis and the best practices draft with an interest
group in the context of Sao Paulo's public school architecture. Also, an exercise is conducted to exemplify the use of

the guidelines within existing schools in the state.

7.3. INTEREST GROUP DISCUSSION

From the start of the Brazilian colonisation process until the 1930s (the end of the “Old Republic”), the major
intention wAs mentioned above, when drafted, the guidelines were tested by two local architects representing the
interest group. They have been specialists in the design of public schools for over three decades in Sao Paulo, teaching
architectural design at FAUUSP (Faculty of Architecture and Urbanism of the University of Sao Paulo) and revising the
adequacy and viability of the applicability or application of the guidelines. Both architects were approached because
of their extensive knowledge concerning governmental buildings for educational purposes. These architects are Dr
Helena Ayoub Silva and Dr Alexandre Delijaicov. Helena Ayoub has taught architectural design at FAUUSP since 1989
and currently coordinates the Architecture and Urbanism Design studios. In addition to teaching, she acts on govern-
mental projects and school-building developments, working closely with the Foundation for Education Development
(FDE-Fundacao pro Desenvolvimento da Educacao). She’s also a partner of HASAA, an architectural studio that has
designed schools in the state. One of these schools is CEU Parque do Carmo, which is done in association with SIAA
studio, another architecture practice in Sao Paulo. She has an extensive understanding of the policies in place and is
in direct contact with the FDE professionals who create them. Furthermore, Alexandre Delijaicov is a design tutor at
FAUUSP and an architect from EDIF, the city of Sao Paulo's building department. The Building Department of Sao Paulo
(EDIF)is connected to the city's public buildings and equipment. Both EDIF and FDE are discussed in “Public Schools in
Sao Paulo” (chapter 03), where the CEU Parque do Carmo is also reviewed. Alexandre has worked for the municipal
government since 1992 and was involved in building the concept of “CEUs” (Unified Educational Centres) for Sao Paulo
city. Their knowledge and knowledge production in this field is of extreme value in validating the guidelines presented

in this chapter.

The discussion was held in March 2024 through a video call, during which the guidelines were explained using
bullet points and sketches, presented in this chapter in section 7.5.2. Both architects highlighted that discussions are
constantly taking place to define how best to implement green components into the schools’ environments. Under-

scoring the relevance and ongoing nature of the topic of SGI components in schools for the design and policy-making
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community immersed in the context of public buildings. The conversation showed the need for research like this one to
keep being produced so those designing those spaces are slightly best informed and equipped with an evidence-based
approach. One of the main discussion points was knowing how to inform the guidelines. For example, architects were
surprised by the poor performance of highly vegetated areas near vehicular roads in terms of PM2.5 concentrations.
Yet, the importance of not establishing the green components as a “bad strategy” was underscored, considering the
other known positive impacts that vegetation brings. Additionally, the architects suggested that the vegetation species
in the FDE manual should be categorised according to the “best practices”. Thus, this exercise was conducted and is

discussed in section 7.5.3. of this research.

Overall, the architects commented on the high informative value of the outcomes and expressed that they have
the potential to be transformed into policies. Naturally, for that to happen, the conversation needs to be continued and
extended to many other professionals. Mainly the ones creating and revising the policies in the state at the moment.
Both Dr Helena Ayoub and Dr Alexandre Delijaicov know most of the mentioned professionals and were keen to share
their contacts so that the information can be presented to them in the future. The conversation will only occur after
this thesis is finalised; thus, it is not explored in this work. Still, the indication that the findings in the form of guidelines
can initiate a conversation to add to governmental policies in the state is exactly what the research aimed to achieve

at its conclusion.
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7.4. EXISTING POLICIES

7.4.1. BRIEF HISTORY

From the start of the Brazilian colonisation process until the 1930s (the end of the “Old Republic”), the major
intention was the occupation and assimilation of territorial riches. Hence, environmental management was more as-
sociated with the economic protection of the country’s natural resources than with its preservation (CETESB, 2018).
However, within the mentioned era, the lack of environmental protection policies was seen worldwide, which only
started to change in response to evident environmental issues. For example, the U.S.A. in the 1920s “encouraged the
increase in the number of National Parks and Forest Preservation Areas” with a conservationist purpose (Fernandes
et al., 2021). The 1930-64 period is acknowledged as having a “rapid rise of governmental-sponsored industrialisa-
tion”, which consequently drove greater attention to natural resource exploitation. Furthermore, in the 1960s, Brazil's
preservation areas started being defined, answering to the Amazonian forest's quick deforestation. (Diegues, 1994,
as cited by Abakerli, 2001). Around 1995, the Metropolitan Plan for Greater Sao Paulo was concluded with a focus on
sustainable development. Also, the plan states the importance of long-term solutions to the city (Stephens, Akerman,
and Maia, 1995). In the year 2000, the National System for Conservation Unites (Sistema Nacional de Unidades de
Conservacao — SNUC) was created, embracing the conservation areas. In the Sao Paulo state, there are 141 areas, and
only 13.4% have forest cover (Faria, 2004). In recent years, the municipal government of Sao Paulo has encouraged the
creation of conservation units and linear parks and the restoration of valley bottoms (Mello-Théry, 2011). Moreover,
through Sao Paulo’s municipal strategic development for the city’s master plan, it was defined in 2002 and 2014 that
all the existing green infrastructure should be one of the components of the city's drainage system (Government of Sao
Paulo et al., 2023). As a result of this encouragement, projects are created to establish linear parks and leisure areas
to establish flood control, such as the Linear Park Perus project in the southern area of the city’s metropolitan region
(Government of Sao Paulo et al., 2023). Additionally, a program called “100 Parks” launched in 2008 was responsible

for the creation of the 113 parks existent in the city (Martins et al., 2024).
7.4.2. FDE MANUALS

As explained in the “The Public Schools” chapter (03), the Education Development Foundation (“Fundacao para
o Desenvolvimento da Educacao” — FDE), created in 1987, develops public schools’ projects and buildings within the
state. It was also mentioned that the FDE produced many catalogues/ manuals dedicated to professionals related to
the educational system. The manuals serve as a guide to the ones who design the learning environments and to those
who manage them. FDE has a section on its website only containing “technical catalogues”, which anyone can access
for free (FDE, n.d.). The mentioned catalogues can be found with different subjects related to the school building:
rooms, furniture, services, layouts, signs, components, topography, vegetation species, and project BIM material. Ac-
cording to FDE (2012), the catalogues are periodically updated to include any new information due to changes in the

technical norms and other policies.

The “rooms” catalogue showcases the entire program of a public school with the dimensions, areas, and suggested
layouts of each space. The document displays the characteristics of the rooms and the environmental requirements.
For example, it defines that the classrooms require a minimum of 3 meters of floor-to-ceiling height, that 1/5 of the

floor area has natural light, and that 1/10 has natural ventilation. As discussed in the “Environmental Performance
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Matrix” chapter, the catalogue was used as a reference to build the model studied on the main analytical exercises of

this doctoral research.

Ciclo | (M1-M2-M3)
Area 51,84 m*

.20

) T
) |

Figure 7.3.01 - Extract of FDE manual showing a classroom layout with dimensions.

Another catalogue that was also used in this thesis analytical research was the vegetation species. The mentioned
report exhibits a vast list of different typologies of greenery, including trees, grass, hedges, and climbing plants. The

document was published in 2012 and updated in 2015 and declares (FDE, 2012):

“The landscaping of the external areas of school buildings aims to improve its visual and environmental quality, enhance the char-
acteristics of vegetation in harmony with the construction, provide places that stimulate and promote recreation, social activities,
outdoor educational activities, respect for nature, and forming children and young people also concerned with the preservation and

appreciation of the environment”.

Even if the statement above includes the importance of environmental quality, there is no specific explanation con-
cerning thermal comfort and air quality impacts when utilising the listed vegetation species. Furthermore, the species
are chosen according to other published documents produced by other institutions within the state and municipality of

Sao Paulo, including FDE. For example, “the list of official species of the Brazilian flora in extinction threat”, “ornamen-

tal plants in Brazil”, and “trees of the Atlantic Forest of Minas Gerais”, among others (FDE, 2012).
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7.5. GUIDELINES

7.5.1. THE FINAL ENVIRONMENTAL PERFORMANCE MATRIX

This is the final version of the Environmental Performance Matrix, which contains all the parts of this Doctoral
Research's main analytical exercise. Here, the ten main studied scenarios are displayed, highlighting the architectural
and SGI components and their locations. The main outcomes of each scenario concerning PM2.5 and PET are also
contemplated, with the final information being the guidelines. The recommendations in the matrix are basic sketches
with bullet points representing overall best practices with a focus on each studied SGI component: grass, hedges, living

walls and trees.
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7.5.2. THE BEST PRACTICES

This section explains in more detail the main best practices presented in the Matrix, developed based on the
outcomes of this doctoral research. The main information used to establish the guidelines is in the results section of
the previous chapter. The mentioned Environmental Performance Matrix chapter evaluates the impacts of each SGI
component based on its location. The information produced during the Analytical and Fiewldowrk chapters of the
Case Study EMEF Amorim Lima is also essential. Overall, this entire doctoral thesis is fed into the guidelines established
below, which will first be explained through sketches and text. Afterwards, the main guidelines are presented as bullet

points and explained in detail shortly after.

The combination of trees is an essential SGI component and should be used in open areas of schools, where grass
should also be applied. The trees create shaded areas on sunny and hotter days, and grass reduces heat absorbance,
enhancing human thermal comfort. However, shorter trees, high hedges, and other tall vegetation are shown to de-
crease air velocity and enhance pollutant particle concentration. Within this set of procedures, trees considered short-
er are those closer to users' height, with 2 to 5 meters. Using trees with crowns above the occupied area increases air
quality in these environments. The trees considered in this research analytical exercise have a final 13m height with
crowns starting above approximately 4m. The mentioned arrangement already causes wind reduction at the studied
height:1.5m. Consequently, lower vegetation with similar density will have an acute impact on air movement and qual-
ity. Finally, in areas where the school site is bigger, and the building is far from the vehicular routes, the trees should
be implemented on the first meters adjacent to the building, being as far as possible from the roads. This measure will
provide shaded areas near the built environment. Trees will also be protected from pollutant particles, and the area

underneath, closer to the buildings’ openings, will have better air quality.

-

Figure 7.5.02 - Sketch indicating the importance of taller trees.

Pergolas can be a good solution for maintaining vegetation within the sites without prejudicing the air quality in
cases close to pollution sources. In those cases, pergolas could be installed at a height that provides shade but is high
enough to create less disruption to air movement. The suggestion is an at least 3m high element with vegetation on
top. A ceiling fan would also be useful when installing a pergola or any more profound overhang. Even though the fan

is not a passive environmental strategy, it can be positive to enhance thermal comfort on hotter days and is essential
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Figure 7.5.03 - Sketch indicating the possible negative impacts of Figure 7.5.04 - Sketch indicating the possible positive impacts of snot
shorter trees on pollutant concentration having vegetation on pollutant concentration

to enhance air quality. Mainly if it is positioned close to the classroom openings. The mentioned strategy would deliv-
er a similar or even higher shading impact than trees and other SGI components while diminishing pollutant particle
concentrations. The fan and shaded area can also help increase cross-ventilation in the indoor space. As this research
extensively mentions, the south facades in the southern hemisphere are not exposed to direct sun. Consequently,
openings on those facades are encouraged, and no other shading is required. Additionally, living walls on the sides
protecting from the west sun could be installed, mainly if a fan is under the pergola, to avoid reducing air movement.
The pergola with vegetation in front of the north facade is a good suggestion to reduce direct solar exposure to the
glazing, avoiding indoor thermal discomfort and glare. Furthermore, not having a pergola in front of the south facade is
an opportunity for a hard pavement space. The outcomes of all analytical exercises in this thesis show that paved areas

exposed to the sun during the day can release heat, enhancing thermal comfort on colder nights. Thus, an environment

Figure 7.5.05 - Sketch indicating the scenario with pergola in front of the most exposed facade, with a ceiling fan.

L

n‘;}ﬁnn I_

Figure 7.5.06 - Sketches demonstrating the heat exchange effect between day and night within the scenario with pergola on one side of the
building.
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without SGi and with pavement could enhance thermal comfort and provide higher wind speeds. The lower vegetation
tested in this thesis is 1 m high. Consequently, it suggests that SGI typologies lower than this height perform better in
terms of air quality and should be prioritised. However, taller SGls have better thermal comfort impacts due to shading
creation. Thus, combining lower vegetation and taller elements, such as pergolas or tall trees, is recommended. As
mentioned, it would be suggested that ceiling fans be used to ensure air movement. Finally, as extensively mentioned
in this research, the heavy use of SGI components close to pollutant sources can trap particles, decreasing air quality in
surrounding areas. Hence, the areas should be avoided. Considering the trapping effect, the areas behind the SGI can

present lower pollution levels. Yet, according to the mentioned outcomes, the environment should be unobstructed

Figure 7.5.07 - Sketch indicating the scenario with pergolas and living walls on both facades, more effective on east/west facades.

Figure 7.5.08 - Sketches demonstrating the case with hedges and pergolas, which can be on one or both sides of the building.

(non-vegetated) and large enough to have increased ventilation, ensuring air quality.
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Figure 7.5.09 - Sketch indicating the possibility of using SGI as a barrier agains pollution, when there is enough space for air movement.

MAIN GUIDELINES:

1) Avoid shorter trees and other vegetation that could drastically decrease wind speed, consequently increasing
air pollution. For example, trees with longer trunks (taller crowns) should be prioritised.

2) Place trees as far as possible from pollutant sources (first meter after buildings’ facades).

3) If possible, allow for some areas of the site without any shade and with hard pavement.

4) If the site is large (less dense urban areas), allow for areas without obstructions, enhancing air movement.

5) When the terrain is not massive (within dense urban areas), and there are surrounding vehicular roads, solid
boundary walls are extremely necessary.

6) If possible, elements like pergolas with vegetation on top are encouraged in front of the most exposed facades
(north facades).

7) Additionally, fans under those elements are encouraged to enhance air movement (reducing pollution).

8) Ifafanisinstalled, a pergola placed on the southern side of the building can be useful. Less dense or no vege-
tation on top is suggested.

9) Pergolas placed in front of the south facades are not necessary to protect the glazed areas from sun radiation
and can reduce indoor daylight.

10) Installing living walls is encouraged to protect from direct west sun exposure.

11) Lower vegetation areas with grass can be mixed with paved uncovered areas.

12) Lower vegetation is encouraged instead of living walls for air-quality purposes. However, taller vegetation or
pergolas will provide enhanced thermal comfort.

13) If greenery is used as a barrier to particle pollution, guarantee that this area is not constantly used. Also, if
possible, allow an open unvegetated area after it.
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7.5.3. VEGETATION SPECIES

As cited in the FDE catalogues section in this chapter, the “Vegetation Species” (FDE, 2012) document suggests
which species of grass, hedges, trees, and other elements could be used in schools. Thus, it isimportant to indicate how
those species could be applied in this chapter as part of the applicability studies. The mentioned catalogue showcases
70 different species of trees, including ornamental, fruitful, palms and bamboo. Additionally, a group of 03 climbing
plants could form living walls, followed by 29 types of hedges. Conclusively, there are 24 species of forage vegetation

and 03 of grass. However, the applicability of this catalogue information will be focused on trees.

As explained previously in the guideline section, the overall best practice for elements such as hedges and living
walls is to be used as far as possible from pollutant sources in protected environments. Trees constructed for the analy-
sis consider overall height, crown dimensions, and height from the ground (trunk height). This information is discussed
in 6.6.1. section of the previous chapter: “ Materials and vegetation”. Based on the characteristics of the used tree
and their environmental impacts shown in the last chapter’s outcomes, the species in the FDE catalogue (2021) are
classified in this section. The capacity of shading creation of each species is already contemplated in the FDE guidelines
(2012), so this grading is focused on air quality impacts. Moreover, the tree LAD is not defined in the catalogue, and
the information needs to be measured for each species. Thus, the ranking is defined through the sketches displayed in
the catalogue and online information about the tree's density. The best practices exercise forms the table “FDE manual

trees organised into groups” (figure 7.5.16).

The table separates the species into three main groups. The first is contemplating trees that represent an extreme
probability of enhancing pollution levels within the site if placed adjacent to the pollutant sources (vehicular roads).
Those species are, in their majority, smaller than the one studied in the analytical research (13m). The main charac-
teristic of this group of trees is having lower crown-to-floor heights. The criteria used is that the mentioned height
is similar to or lower than the human height. The second group has the species that would enhance pollution levels
within the site if placed close to the pollutant sources. These species have similar sizes or are more extensive than the
one studied in the analytical work, which had a 4m floor-to-crown height. All species in this group have the mentioned
characteristics or are taller. The third and last tree arrangement is composed of trees that, if placed on the first meters
after the vehicular road, will not enhance pollution levels within the site. Those species are tall, with their crown signif-
icantly far from human height. This characteristic makes it safe to assume that the wind movement and air quality will
not be disturbed at the human level. Below are the main lessons of this exercise with the final guidelines. However, it is
essential to remember that the information displayed here is a set of suggestions. Each species and its context should

be analysed individually for the final choice of trees to be implemented.

KEY LESSONS LEARNT:

1) 27 out of 70 should not be planted close to vehicular roads.

2) 38 species should be avoided close to vehicular roads, but if planted, solid boundary walls against the pollutant
sources should exist or be built.

3) Only 5 species from the FDE list could be placed close to the roads, even without boundary walls.
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Type Page No Name
1 13 Aldrago
2 15 Alecrim-de-campina
3 17 Aracd |
4 19 Aroeira-do-sertao
5 21 Aroeira-salsa
6 23 Bico-de-pato
7 25 Canela-preta
8 27 Canela-sassafras
9 29 Caneleira
10 31 Caputuna-preta
11 33 Caroba
12 35 Caroba-branca
13 37 Carobao
14 39 Carvalho brasileiro -
15 41 Cassia-grande
16 43 Castanha-do-para
17 45 Cedro-rosa
18 47 Cha-de-bugre -
19 49 Chuva-de-ouro
20 51 Dedaleiro
21 53 Diadema -
22 55 Embauba
23 57 Embirucu
24 59 Fedegoso
25 61 Feijoa
26| Ornamental 63 Guanandi
27 Trees 65 Imbuia
28 67 Ipé-amarelo
29 69 Ipé-amarelo-da-serra
30 71 Ipé-branco
31 73 Ipé-roxo-de-bola
32 75 Ipé-roxo-de-sete-folhas
33 77 Jaborandi
34 79 Jacaranda-paulista
35 81 Jatoba
36 83 Jequitiba-branco
37 85 Jequitiba-rosa
38 87 Manaca-da-serra -
39 89 Mirindiba
40 91 Mulungu
41 93 Mulungu-do-litoral
42 95 Pata-de-vaca-branca
43 97 Pau-brasil
44 99 Pau-cigarra
45 101 Pau-ferro
46 103 Peroba-rosa
47 105 Pinheiro-do-parana
48 107 Quaresmeira
49 109 Sibipiruna
50 111 Taruma
51 113 Unha-de-vaca
52 115 Urucum
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53 119 Acerola

54 121 Amoreira

55 123 Angelim-doce

56 125 Cerejinha

57 i 127 Gabiroba
Fruitfull - -

58 129 Goiabeira

Trees

59 131 Grumixama

60 133 Jabuticabeira

61 135 Jenipapo

62 137 Pitangueira -

63 139 Uvaia

64 143 Acai

65 145 Guariroba

66 Palm 147 Indaia

67 Trees 149 Jeriva

68 151 Palmito-jucara

69 153 Pupunha

70 Bamboo 157 Bambuzinho

Trees

. Extreme probability of enhancing pollution levels within site
if placed close to the pollutant sources (vehicular roads).

Probability of enhancing pollution levels within site if
placed close to the pollutant sources (vehicular roads).

Will not enhance pollution levels within site if placed
close to the pollutant sources (vehicular roads).

Figure 7.5.16 - Table - FDE manual trees organized into groups.

7.6. APPLICABILITY STUDIES

7.6.1. EXISTENT SCHOOLS

At this point, there is a need to take a step further and imagine how the schools in Sao Paulo estate would poten-
tially apply the guidelines presented in this research. The mentioned exercise is essential to exemplify to the policy-
makers, architects and others involved in public school projects in the estate how to use the “best practices”. A few of
the schools presented in Chapter 03 (The Public Schools) are selected to exemplify. The exercise is developed from an

environmental design perspective, which includes increasing vegetation whenever possible.
1. SCHOOL PARQUE DORUADO V

The first example is the School Parque Dourado V, which is an estate school surrounded by open vegetated areas
and small-scale buildings. The northeastern outer limit of the site has one heavier traffic road. Another vehicle road is
at the site’s southeastern perimeter, which apparently has less vehicular activity. Additionally, there is an expressive
open paved area on the site's northeastern portion. Some of the previously discussed guidelines could be applied to
this environment. For example, the northwestern portion of the site could be heavily vegetated. The northwestern
facade is heavily exposed to direct solar radiation most of the day, including the afternoon when temperatures in-
crease. Thus, proposing an SGI for this area with tall elements would diminish direct sun exposure to the mentioned

facade. Naturally, the vegetation would also enhance the area's ecosystem while extensively enhancing thermal com-
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Figure 7.6.01 - Satellite Image of School Parque Dourado V (Google, 2024).

Taller tree with a higher crown, closer
____________ to the vehicular road. No other SGI
components in this area.

Heavily vegetated area, with trees,
hedges, and living walls of different- - - - - - - - - - -
sizes and densities.

Grass and lower vegeta-
tion in this areas.

Figure 7.6.02 - Sketch with SGI proposal for School Parque Dourado V.

fort on the site. Most importantly, the air quality wouldn't be reduced due to the lack of pollution sources on the
site's northwestern boundary. Additionally, it would be advised that the area closer to the northeastern vehicular
road wouldn’t be vegetated or have taller trees. Finally, the southeastern portion has less sun radiation exposure on
the facades and is attached to a vehicular road. Hence, the suggestion is that the area could have less vegetation and

shorter SGI components.
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2. SCHOOL SALVADOR ROMANO

The second example is the estate school Salvador Romano, which is a fit model of an environment with a larger
built space. The reduced unbuilt land area forces SGI elements to be on its perimeter, adjascent to the surrounding
vehicular streets. Also, the school has a courtyard space with a meagre vegetable area. The morphological configura-
tion of this school represents an opportunity for a fully vegetated courtyard. The northeastern portion of the courtyard
could have shorter SGI elements to reduce obstruction to the southern facade. A lower coverage of this facade enhanc-
es daylight as it is a surface with meagre direct sun radiation. Considering that the mentioned space is not massive and
blocked by buildings on all sides, a usual lower wind movement is expected. Thus, if vegetated, the proposition is that
the courtyard would have a tall element as a tree that wouldn’t reduce the air speeds even further. Another possibility
is having vegetation with a lower height than adjacent buildings. For example, hedges, living walls, and smaller trees
wouldn't provide the same shading impact but would be more protected from pollution sources by the buildings. Fur-
thermore, hypothetically, the trees facing the roads could be removed within the southeastern portion of the terrain
with smaller blocks. The area would probably have enhanced air movement and better air quality. However, additional
shading for the facades would need to be provided. If possible, the space between the two buildings (that act as a

barrier) could be heavily vegetated with almost no risk of pollutant concentration.
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Figure 7.6.03 - Satellite Image of School Salvador Romano (Google, 2024).

Taller trees and other
------------ smaller SGI elements
within the courtyard.

Smaller SGI components, such \

as hedges, living walls, and small-- - - - - - 3 \—"

trees protected by buildings. This fagade would need further
-------- shading elements to protect

glazed windows.

Areas between adjacent roads
were treated with hard pavement-----------
instead of SGI components.

Figure 7.6.04 - Sketch with SGI proposal for School Salvador Romano.
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3. SCHOOL PARQUE SAO BENTO

School Parque Sao Bento is also surrounded by vehicular roads. However, this school has a substantial outdoor
area. Even though this environment could harbour a dense small-scale green infrastructure, the latter could diminish
air quality. This would be a suitable example to suggest vegetation closer to the building, as already seen in the current
conditions. The ideal would be to have more elements enhancing thermal comfort around the blocks. The strategy cre-

ates a transitional space between the more controlled indoors’ and the harsher outdoor conditions. Parque Sao Bento

12’4 TREAS
i A L\ B

\

S e TR N

Figure 7.6.05 - Satellite Image of School Parque Sao Bento (Google, 2024).

Trees between building blocks.
If possible, with a taller crown,
allowing higher air movement.

______________________ E Avoid using dense and bigger
B SGI components close to the
_____ vehicular roads (edge of the
terrain). Prioritise grass and low
© [ vegetation. It is better if only

/' short grass.
,

The area could benefit
from hedges and living
walls protecting the

western fagade.
Larger trees with taller crowns

to create shade to the fagade
and areas surrounding the
school. The creation of a shaded
transitional zone, between
indoors and exposed outdoors.

Areas protecte'd by buildings and walls
can be heavily vegetated with hedges,
living walls, and smaller trees. N

Figure 7.6.08 - Sketch with SGI proposal for School Parque Sao Bento.
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also has a courtyard surrounded by a building and a boundary wall. A perfect space to receive dense vegetation.

4. SELMA MARIA STATE SCHOOL

Another example is the Selma Maria State School. Similar to Parque Dourado V, there is a considerable open area
in the western portion of the site, and the adjacent area is being opened. The suggestion here is the same as previ-

ously explained for Parque Dourado: a dense SGi is encouraged. The main difference between this school and the

or=friaz may -~

Figure 7.6.09 - Satellite Image of School Selma Maria (Google, 2024).

Heavily vegetated area, with
trees, hedges, and living walls of
different sizes and densities.

Existent trees and hard-paved
areas are preserved, working
well closer to the vehicular road.

Grass areas are preserved,
and forage (low) vegetation
can be implemented.

Figure 7.6.10 - Satellite Image of School Selma Maria (Google, 2024).
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other cases so far is the northern fagade, which is exposed to direct radiation most of the day and has clear-glazed
classroom windows. The project is correctly designed with horizontal shading and recessed facades, which is probably
enough to avoid direct radiation. Moreover, the mentioned northern fagade is close to a vehicular road. Even though it
is plausible to assume that the discussed area is performing well in terms of thermal comfort, some level of pollutant
particles could reach the classrooms. The small northern portion of this site could represent an opportunity to have a
pergola element installed. As mentioned in the guidelines, the element could bring vegetation without diminishing air
velocity. In this case, vertical vegetation could be installed to act as a barrier against inhalable particles. A fan would
even further enhance the air quality of the protected space. This exemplifies a bolder applicability form of combining
architectural and SGI components as an environmental strategy, and all suggestions in this section would need to be

further discussed.

e
|

.
/
Area under pergola ’

with a fan to enhance Pergola and vertical system
air movement. implemented, with vegetation.
Figure 7.6.11 - Original Section from Architects for School Selma Figure 7.6.12 - Sketch of section with SGI proposal for School Selma
Maria (© GrupoSP). Maria.
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7.6.2. EMEF DESEMBARGADOR AMORIM LIMA (CASE STUDY)

The EMEF Desembargador Amorim Lima is the case study of this doctoral project, which was essential for establish-
ing the current conditions of a school environment with an expressive SGI. Hence, the applicability study is naturally
developed. This is the last example of a set of suggestions for implementing this chapter's guidelines. The facade design
and possible improvements are thoroughly discussed in Chapter 04 (Case Study—Fieldwork). The main information
to be echoed here is that the northern facade should be more protected, and the southern should be exposed to
daylight. Likewise, cobogos could be applied to the northern facade. Yet, another option is the extension of northern
overhangs to protect from direct sun. While allowing the sun to enter on colder days due to lower sun angles. Also,

living walls could be installed as a vertical shading against the western sun. As shown in the fieldwork and analytical

8|
CLASSROOM 03

1| cuassroom ez

o
INDOOR J@ m ENTRANCE AR

Figure 7.6.13 - EMEF Amorim Lima Section BB (personal archive).

Larger tree with higher crown closer to the
__.--building, creating shade without decreasing
. air movement in the main area.

Shading should be imple-

~--mented in front of the
glazed windows.

Smaller SGI components on

the periphery of the terrain,- - I | ‘ zmla(;l area zethen‘ A
close to adjacent buildings. . S | | ®--§ ----building and roa without
—1 - . vegetation.

Figure 7.6.14 - Sketch of EMEF Amorim Lima Section BB, with SGI proposal (personal archie).

work of the Case Study, the vegetated area on the northeastern portion of the site shows lower pollution levels. Yet,
due to shorter, less dense vegetation, thermal comfort levels are not as high as in the southwestern area (Cora Coralina
Park 01). Consequently, SGi components in the mentioned area, protected by adjacent buildings, could be taller and
denser, enhancing shade and cooling. The uncovered sports court is limited by living walls, which could be denser on
the sides further from the street. The site shows a southern portion in front of the main building, which is treated with
hard pavement. (Cora Coralina 03). The mentioned area could be vegetated and enhanced carefully so as not to reduce

drastically daylight indoors and airspeed. Thus, taller trees should be planted in the central space. The Cora Coralina
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Figure 7.6.15 - Satellite Image of School EMEF Amorim Lima (Google, 2024).

Heavily vegetated area, with trees,
hedges, and living walls of different--------------------------—-
sizes and densities. ‘

Small area between road
with hard pavement and no-----------
vegetation.

Taller trees in the middle of this area with
smaller trees and other SGI components
——————————— on the peripheries (close to the building
and boundary wall. area with smaller trees
closer to the building.

Tall pergola with vegetation and,
--------- if possible, a ceiling fan, close to
the main polluted road.

Figure 7.6.16 - Sketch with SGI proposal for School EMEF Amorim Lima.

Park 01 is the southwestern portion of the site and is mostly vegetated. As extensively mentioned in the outcomes of
the case study chapters, air pollution is usually higher in this area. The environment represents an opportunity to im-
plement a pergola to create the same or even higher level of shade. The level of greenery would probably be reduced.
However, proposing a higher element with a ceiling fan would increase wind speed and enhance air quality. Finally,

there are trees between the northwestern facade and the vehicular road. If the vegetation is eliminated, pollution

concentration could be reduced.
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7.6.3. INTERPRETING THE ENVIRONMENTAL PERFORMANCE MATRIX

The matrix already displays the studied architectural elements, SGI components, cases, central outcomes (focusing
on PET and PM2.5) and the main guidelines for each case. However, this section briefly exemplifies how the Environ-
mental Performance Matrix can be interpreted and used within a factual context. Thus, a flow chart (figure xx) was
developed to serve as a “step-by-step” mode of reading the Matrix information and even indicating where to find other

relevant material present in the thesis (concerning guidelines).

To begin using the matrix, two primary factors need to be considered. The first step is to understand the character-
istics of the specific school building’s project or built environment to be accessed. The facades’ treatments and orienta-

tions are the first aspect to understand. Hence, the first question to be answered is: where are the main openings? To

further
Understand north? 4 ( “—s  study
your context needed
other element?
with glazed window? Close to a vehicular
road?
other element?
Where are the with vertical elements? \
main openings? \\
other element?
with cobogo? \\\
Case
trees? — >
Case
EW05
Case
NS04 |
Which vegetation
—>
typology? J
Case
EW04

Case
NS03

Case
EW03

CHECK THE GUIDELINES FOR EACH CASE IN THE MATRIX

Case
NS02

L 2

Case j

EW02

+

Figure 7.6.17 - Sketch with SGI proposal for School EMEF Amorim Lima.
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determine the orientation. Afterwards, the facade treatments should be paired with one of the architectural elements
of the matrix. If the fagade design is entirely different from one of the mentioned components or is not on the indicated
orientation, further study is necessary to understand its environmental impacts, as that is out of the matrix’s scope.
Moreover, the question of which vegetation typology will be applied or is available in the school’s terrain needs to be
answered. The choice of the SGI and architectural components and their located fagade orientations leads to the spe-
cific scenarios’ outcomes and guidelines. However, the matrix comprises cases with pollutant sources approximately
two to five meters close to the vegetation elements. Thus, a last question is asked: Is the area where the vegetation is
located, or where it will be planted, adjacent to a vehicular road? If the answer is yes, the guidelines on the matrix are
accurate and can be followed. Nonetheless, if the answer to the question above is no, other examples shown through

the applicability studies (sections 7.6.1 and 7.6.2) would illustrate how to proceed.

7.6.4. IMPLEMENTING THE ENVIRONMENTAL PERFORMANCE MATRIX

The matrix and guidelines presented in this thesis are intended to be given and converted into official governmental
policies for public schools in the state. A few routes could be considered for the mentioned implementation and overall
use of the matrix. The first route is through the policymakers and consists of preparing a presentation in Portuguese
illustrating the matrix, guidelines, applicability studies, and other main findings of this thesis. This presentation would
then be shown to the focus group, including the two architects mentioned in section 7.3 of this chapter. In addition to
Helena Ayoub and Alexandre Delijaicov, the matrix will be discussed with the architects who work at the Educational
Development Foundation (FDE) and are responsible for drafting the policies implemented in the state. The outcomes
will also be presented and discussed with Sao Paulo’s building department (EDIF) team, which consists of architects
that design the schools in the city. The mentioned conversations will be vital to the auxiliary in defining the final format
for the Environmental matrix and its guidelines to become official policies. To have the matrix within the official state’s
policies, the people responsible for managing the state's money and allowing it to be injected into the schools must
also be convinced of its positive impacts. Thus, a discussion will also need to be held with government members who

can allow such a policy to be implemented.

The second path for using the Environmental Performance Matrix is to present it to the schools. The concepts and
outcomes of this thesis should also be shown to the school heads, teachers, and students to familiarise them with
the necessity of implementing it within their built environment. The matrix and main guidelines could be printed and
handed out to students to add their drawings and/or written comments, which could be discussed in a group work-
shop. These workshops would also allow for understanding at a community level the positive effects that the matrix
could have, making it easier to implement later. The school management has a significant role in its success as the
team is responsible for ensuring that the changes proposed by the guidelines can be implemented throughout the year

within the schools’ environments.
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7.7. DISCUSSION AND CONCLUSION

As discussed throughout this chapter, the guidelines and applicability studies presented here are derived from
this thesis's extensive study of over 60 scenarios and the field and analytical work conducted for EMEF Amorim Lima.
Still, the analysis considers one type of each SGI component (grass, hedges, living walls and trees). Also, as explained in
the previous chapter, the analytical exercise is conducted in a simplified modelled environment that mirrors the main
characteristics of a school in Sao Paulo. Thus, further analysis is encouraged for every SGI component in each context.
The best practices and applicability suggestions in this chapter represent global information that is useful for any
school in the state and beyond if the weather conditions are similar. The presented recommendations alone have the
potential to create positive impacts on users' health and comfort. However, a specific analysis should be conducted to
ensure accurate knowledge of an environment’s performance. Moreover, the applicability study section focuses solely
on what is best for enhanced environmental performance. It does not consider the specificities of each school's pro-
gram and the best outdoor organisation to match those necessities. Thus, the applicability study is a set of suggestions

that require a more in-depth understanding of the complexity of each case to be adequately proposed.

It is essential to note that an assessment considering the biodiversity and ecology impacts of adding or subtracting
SGI components has not been conducted in this research as it is out of its scope. For example, in the Amorim Lima
applicability study, the mentioned impacts are not considered when suggesting substituting trees for a pergola with
vegetation. Despite the positive environmental impacts that a modification of this magnitude would achieve, a proper
ecological and biological study should be established. The research would probably establish if it's worth performing
such a change. Ideally, this chapter's guidelines and application suggestions should be connected to complex ecologi-
cal and well-being research. Finally, the discussion with the interest group validates the importance of this research’s
guidelines to the architectural community connected to public school buildings in Sao Paulo. For example, the discus-
sion raised the necessity of identifying how the species in the FDE catalogue could be used in schools. The conversation
also indicates the possibility of discussing the guidelines with other professionals directly connected to EDIF (building
department) and FDE (foundation for educational development). Presenting the guidelines to the mentioned group is

a channel to refine them so that they can possibly be officially applied to government manuals.

This chapter concludes this thesis work and starts by discussing the group of interest composed of two architects
from Sao Paulo who were invited to validate this work. Validation is achieved by affirming how interesting the out-
comes and guidelines are while establishing the possibility of further conversation with other related professionals to
transform them into policies. The chapter continues by showcasing a brief history of the country's policies and a few
of their impacts, focusing on the city of Sao Paulo. The mentioned section illustrated how, late in the 19th century,
concerns about environmental issues and the need for policies were raised. Furthermore, the FDE guidelines review
demonstrates the level of detail concerning building guidelines to be followed and the importance of having nature
within school environments. However, the study also shows the lack of specific procedures concerning SGI compo-
nents. Afterwards, the final version of the Environmental Performance Matrix illustrates a simplified rendition of this
thesis's main analytical exercise, including studied components, outcomes and guidelines. The best practices discus-
sion then elaborates on where and how to use each SI component, focusing on cases with north/south and east/west
building openings, accomplishing a list with the most relevant guidelines. The Guideline subchapter also organised
70 tree species catalogued in the FDE manual into three main groups, indicating their potential to enhance pollution

levels. Only five species are indicated to be placed close to vehicular roads. The applicability studies close the chapter
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by extending the basic guidelines into broader suggestions using built schools. The school examples show the vast pos-
sibility of the application of the SGI component. As previously mentioned in the discussion, this chapter contains the

final product of this thesis, which is material that could be developed into official Sao Paulo state policies.
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3. CONCLUSION

3.1. RESEARCH ANSWERS

This doctoral project answers the research’s initial questions by concluding that small-scale green infrastructure
(SGI) inside a school in the tropical megacity of Sao Paulo can increase users' thermal comfort. The thesis states that
children, adolescents, and school staff with access to outdoor spaces can experience an enhancement of 20% to 28% in
thermal comfort in the hottest hour of 2050. The improvement occurs when comparing environments with no vegeta-
tion to an area with a cluster of 13m high trees with high Leaf Area Density (LAD). When comparing a non-green space
with an area with grass coverage, the enhancement in comfort is 1% to 5%. In contrast to living walls, the increase is
between 9% to 11%. In the case of hedges, the increase varies from 2% to 11%. Furthermore, considering the exact
same comparisons, in the coldest hour of 2050, there is a thermal comfort reduction of 1% when a cluster of trees
is added to the environment. The space with grass also shows a 1% decrease compared to the hard-paved area. The
alteration in comfort due to the addition or subtraction of each SGI component clearly indicates that when combined,
forming a full small-scale green infrastructure significantly impacts perceived thermal conditions at any time of the
year. The positive impacts are clearer in warmer periods of the year. In the coldest times, trees are the components
with the best performance; however, all vegetation elements slightly decrease thermal comfort. Regarding the health
aspect of the research question, a literature review indicates that vegetation is essential in improving mental health
and well-being, including in school environments. With the thesis’ focus on pollutant particles and a health indicator
for children and teenagers’ health, the outcomes indicate otherwise. In the hottest studied hour, when comparing the
case with no vegetation with the tree cluster, the latter showed a 21% increase in pollutant concentration when there
were no boundary walls. With boundary walls, the air quality decreases by only 5%. The other cases with individual
SGls also show increased pollutant concentrations, mainly when no walls are on the site’s edge. The outcomes answer
that when focusing on PM10 and PM2.5, SGI can help to decrease physiological health. However, each SGI compo-
nent's specific characteristics and morphological configuration define the final impact on physical health. In addition to

other conditions of the environment, such as solid boundary walls.

The second research question concerns which design guidelines could be proposed for schools in Sao Paulo to im-
prove their environmental performance. Also, the third and final question raises how design guidelines for one studied
school could be replicated in other contexts with similar climatic and morphological conditions. The doctoral research
answered these questions in the previous chapter (07). As previously discussed, Chapter 07 is this work’s culmination,
where the outcomes are adapted into policies and practical approach studies. The guidelines are informative, with ar-
chitects, other professionals, and policymakers related to public school design and management in Sao Paulo state as
the interest group, which provided feedback through a focus group. The best practices mainly advise on the SGI com-
ponents’ location in outdoor school environments, focusing on pollutant sources. The size and density of the green
elements are also commented on as important variables in identifying suitable placements. There are also suggestions
concerning when not having vegetation or reducing their density. Beyond the vegetation, the guidelines also delve into
shading architectural elements such as pergolas and non-passive solutions such as ceiling fans. The mentioned prop-
osition is an example of combining architecture and SGI to concurrently improve thermal comfort and air quality. To
have a direct link to the policies in place, the chapter identifies how the tree species from the foundation for the edu-

cational development (FDE) manual can be best placed. Finally, a study is conducted applying the outcomes of chapters
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04, 05, and 06 and the best practices into possible approaches utilising schools that were reviewed in chapter 03. Chap-
ters 04 and 05 are oriented to EMEF Amorim Lima, yet Chapter 06 is designed so that the studied generic environment
is relatable to any other school site within similar environmental conditions. The mentioned approach validates the
exercise outcomes for different contexts. Thus, this research identifies solutions to improve the environmental perfor-
mance of schools in Sao Paulo while also providing a set of procedures that can be applied in any situation with similar

morphological and climatic conditions.

3.2. SUMMARY AND DISCUSSION

Through a comprehensive multicriteria evaluation, this dissertation uncovers the intricate relationship between
Small-Scale Green Infrastructure (SGI) and school outdoor environments. This exploration is crucial within urban plan-
ning and human well-being and health. Two quantitative-oriented studies delve into this topic. The first employs the
concept of a “case study” to analyse, through field and analytical exercises, the current characteristics of an existing
school within the denser urban environment of Sao Paulo city. It highlights the overall potential of SGI components
to enhance children's human thermal comfort. While also proving a more complex and possibly negative relationship
between vegetation and pollutant particle concentrations. The second study focuses on the individual environmental
potential of each SGI element spotted in schools’ outdoor areas. It is conducted through a comparison-based approach
to analytical work. The exercise discloses the capacity of denser vegetation to trap pollutant particles and concurrently
significantly enhance human thermal comfort. It also showcases the opposite outcomes when analysing the green el-
ements of less size and density. Furthermore, in addition to the quantitative studies, qualitative research is present in
the form of the literature review of concepts discussed in this thesis. The thesis also presents an architectural review
of schools in Sao Paulo based on the knowledge of environmental design and sustainability principles, which feeds into
the cited quantitative work. Together, these studies clarify vegetation's role in possibly augmenting the concentration
of airborne particulate matter pollutants while confirming the positive thermal outcomes. However, it also provides a
valuable translation between outcomes and discussions into guidelines within the context of Sao Paulo’s existing public

school policies, offering practical additional insights into it and overall urban planning.
8.2.1. SMALL SCALE GREEN INFRASTRUCTURE

Chapter 02 establishes that megacities comprise 10% of the global population, with only 2% of the earth’s sur-
face coverage. Four are in Latin America, thirteen are in Asia, and two are in Africa. This indicates the dense character
of these essential urban environments and their presence in tropical climate areas. The chapter also indicates that
if changes concerning the current pollutant emissions are not made over the next 100 years, megacities will be re-
sponsible for 25% of global warming. The urban heat island (UHI) term, created in 1958, and its existence within the
dense urban settlements until today are also discussed, with 48% of the world population living in areas exposed to
heating-related environmental issues. The research on Sao Paulo also demonstrates the problems that this thesis’ city
of interest, with 21 million inhabitants, currently administers regarding thermal comfort and air quality. Representing
11% of Brazil’s population, the city displays pollution levels usually above national and international guidelines.
Additionally, an increase in hospitalisation has been connected to PM2.5 and PM10 levels, causing a total cost of 111
million USD. Environmental issues, specifically in the city because of UHI, have also been identified. For example, there

is an increase in flood risks and the development of A. aegypti mosquito larvae, which causes Dengue disease.
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The environmental impacts of the SGI components already registered in the literature are exposed in the chap-
ter. The discussion shows that the areas surrounding living walls within an urban context had a dry bulb temperature
of 1.5°C lower than the uncovered wall in some periods of the day. It has also established a 15°C terrestrial surface
temperature difference between vegetated and non-vegetated areas in a Brazilian city. Also, my own master's thesis
is referenced as showing a 25% mean radiation reduction in a park caused by implementing trees. Some of the previ-
ous outcomes exemplify the positive thermal impact of SGI. Research also suggests that vegetation, when in school
environments, can reduce the symptoms of attention deficit and hyperactivity disorder in children. The chapter also
discusses vegetation's positive and negative impacts on air quality. The discussion is exemplified by cases where trees
in street canyons reduced air quality due to reduced tree crown porosity. On the contrary, other research confirms
the capacity of vegetation to remove gases (03, NO2, SO2 CO) and PM10.

8.2.2. SAO PAULO AND PUBLIC SCHOOLS

Chapter 03 illustrates the higher negative impact of environmental issues, mainly air pollution, on children's
health compared to adults. It is established that 93% of the world's children live in environments with air pollution
levels higher than the WHO guidelines, with one in five of them dying due to environmental-related risks. It was
mentioned that children are more sensitive to extreme thermal conditions due to psychological, behavioural, and
metabolic characteristics. Research shows an increase in NO2 pollution concentration in London schools' paths. Also,
research conducted during the COVID-19 pandemic exemplified the positive physical and mental health impacts of
physical learning environments on children and adolescents. The examples mentioned and the complete literature
review in Chapter 03 validate the relevance of studying the environmental conditions of school environments and chil-
dren's health. This research section also explained the development of public schools in Sao Paulo and the overall gov-
ernmental structure around them. State and city departments responsible for the school’s design, program definitions,
and administration are also discussed. The chapter establishes the importance of modernist architecture in school
buildings and the similarities between state and city projects. The review conducted in twelve schools in the state
reveals the extensive use of prefabricated concrete structures, aluminium roofs above concrete slabs, glazed windows
with metallic frames, and concrete cobogos. The architecture review shows schools where the shading elements,
such as cobogos, perforated roof tiles and wood panels, are placed correctly on northern and western facades. The
examples also show the corridors in front of the classrooms acting as horizontal overhangs. The mentioned horizontal
shading is seen to be correctly placed in front of other facades, protecting from sun radiation during summer and al-
lowing incidence during winter. However, other examples, such as EMEF Amorim Lima, illustrate the incorrect use of
shading elements, with the cobogos placed on the southeastern fagade (less exposed fagade). Clear glazing windows

face the most exposed facade (northwest).

8.2.3. CASE STUDY - FIELDWORK

Chapter 04 is dedicated to the fieldwork done over 14 days, divided into two main exercises, over a span of
two years at the EMEF Amorim Lima school, located in a moderately dense area of Sao Paulo city. The school's outdoor
space with more dense vegetation (trees, hedges, living walls, and grass) indicates the best thermal comfort within oth-
er open areas through dry-bulb and surface temperature outcomes. Within the summer days of exercise, in the sunnier
and warmer studied periods, air temperatures were consistently lower in areas of the school’s terrain, with trees tall
and dense enough to provide shading. The 08 am study hour with less solar exposure and colder overall dry-bulb tem-

peratures demonstrate the opposite outcomes. Air temperatures are lower in the areas with taller trees than the rest
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of the school’s site. The results suggest a more constant temperature in the areas with trees which provide shade.
Outcomes establish the importance of enhanced air movement in possibly increasing thermal comfort through lower

air temperature measurements in areas with higher wind speeds.

The study in the indoor environment shows higher dry-bulb temperatures and glare in the classroom with glazed
windows exposed to direct sun radiation. This confirms the negative impacts of inadequate fagcade design and the
importance of crossed ventilation. The chapter also illustrates the negative impact of dense vegetation when placed
close to ground-floor windows through the available daylight outcomes. Concerning air quality, the fieldwork using
PM10 and PM2.5 measurements as indicators shows that lower pollution concentrations are spotted in sunnier,
warmer periods, while they increase in colder hours. The research also establishes the higher concentration of pol-
lutant particles (PM10 and PM2.5) in the spot below a higher number of tall trees. However, there is a substantial
reduction in the spot inside the school terrain compared to the pollutant concentration spotted in the area outside

the terrain boundary wall. Areas of the school with higher wind movement were the spaces with the best air quality.

8.2.4. CASE STUDY — ANALYTICAL WORK

Chapter 05 focuses on the analytical study of the EMEF Amorim Lima’s outdoor environment through a year, focus-
ing on the colder and warmer seasons and using MRT (mean radiant temperature) and UTCI (universal thermal climate
index) as main thermal comfort indicators. PM2.5 and PM10 concentrations also demonstrate air quality conditions in
this chapter. The outcomes corroborate the fieldwork results concerning the tree's capacity to reduce the thermal
amplitude during the day and night. It illustrated vegetated areas of the school with higher MRTs and UTCI levels dur-
ing the winter day. Meanwhile, the UTCI index and MRTs were lower during the summer hours in the same area. The
inadequate fagade design of the school's main building is confirmed in this chapter. The accumulative annual irradi-
ation on the northwestern fagade, which is glazed without shading elements, was 40% higher than the southeastern
facade treated with cobogos. Concerning thermal comfort, the outcomes also confirm the field exercise by defining
that the thermal amplitude is reduced when vegetation obstructs the view of the sky. The new findings in this section
establish the lack of human-perceived thermal comfort in the entire outdoor environment of the school during win-
ter days at 04 pm. The areas under dense trees are 13% less comfortable at the mentioned period than on a summer
day. Itis pointed out that at this period, lower sun angles are responsible for higher ground exposure. On other periods
of the summer and winter days with lower temperatures and higher sun angles, the vegetation's potential to provide
comfortable areas is augmented. For example, at 04 pm on the winter day, areas under trees were perceived as 28%
less comfortable compared to 11 am on the summer day. The PM2.5 and PM10 concentrations also corroborated the
fieldwork results. The air quality is lower in the vegetated areas of EMEF Amorim Lima, which are close to pollution
sources. At 8 am on the summer day, the park close to the avenue had 60% more pollutant concentration than the
vegetated area protected by adjacent buildings. Additionally, the periods with higher dry bulb temperatures again
have lower pollution. The peak PM2.5 concentration in the adjacent avenue at 08 am was 49% higher than at 04 pm.

Finally, the areas with lower wind speeds are more polluted.

8.2.5. ENVIRONMENTAL PERFORMANCE MATRIX

Chapter 06, the main analytical exercise of this thesis, focuses on individual SGI components’ performance
on warmer and colder days in 2050, confirming all the outcomes discussed in chapters 04 and 05. Concerning the

indexes used to represent the air quality and thermal comfort, the change was in using PET (Physiological Equivalent
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Temperature) instead of UTCI. The chapter illustrates that within 10 different studied scenarios, the ones without any
vegetation addition have the lowest airborne pollutant particle concentration. The lowest amount of PM2.5 registered
within the site was in the case with no vegetation in the hottest studied period, which also showcased the worst
thermal comfort performance: 89% above the average comfort band. The mentioned period indicated a lack of hu-
man thermal comfort in any studied scenario (SGI typologies). Boundary walls between pollutant sources and school
terrain were confirmed as the best strategy to enhance air quality, even when implementing vegetation. However,
air movement was also confirmed as the most significant microclimatic condition to impact particle distribution.
It was also established that independent of the number of pollutants being released, the performance of the SGI
components remains constant. Moreover, the tree was proven to be the overall SGI element with the best thermal
performance and lower air quality efficiency. Still, the boundary walls can enhance the result even with the use of
trees when wind velocities are higher. Hedges and living walls had similar performances concerning pollutants, with
the living wall performing slightly better when analysing thermal comfort. In cases with boundary walls, hedges have
an overall performance; the opposite happens in cases without walls. It suggested how denser bodies of vegetation
can still act as barriers against pollution but are not as effective as the combination of architecture and vegetation

(hedges and walls).

8.2.6. APPLICABILITY STUDIES

As previously mentioned, the combination of chapters 04, 05 and 06 outcomes bring this thesis to a conclusion
through chapter 07's guidelines and applicability studies. The Applicability Studies chapter contains a set of sugges-
tions that focus on the arrangement and selection of SGI components within the context of Sao Paulo’s public school
environment. The chapter also highlights that the presented “best practices” require a deep study of each school so
that there is scientific certainty in the proposal for each case. An ecological study of the propositions is also required to
add to the environmental impact aspect discussed in this thesis. Chapter 07 shows that the suggestions derived from
this work’s field and analytical works are tested with a focus group of Brazilian architects who work with state school
projects in the city. The conversation underscored the importance of the SGl inside school environments for the ones
in charge of designing it. Both architects explained that discussions were being held on the best way to integrate
greenery into public school sites. The focus group expressed how informative and useful the presented guidelines
were and showed interest in continuing the conversation by involving other professionals so that it could possibly be

implemented in the future.
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3.3. LIMITATIONS AND FURTHER RESEARCH

The parameters of interest in this research to represent air quality conditions are the airborne particulate mat-
ter. The decision is made based on the risk that the mentioned pollutants represent, mainly to children. Hence, as pre-
viously underscored, the recommendations established in the thesis are a response to their portrayal of the field and
analytical exercises. This research is then limited to partially understanding SGI performance regarding air pollution.
The literature review indicated how vegetation reduces pollutants such as NO2, CO2 and O2. Thus, a future research
avenue could be to investigate the potential of small green infrastructure components to impact the cited pollutants.
This knowledge level within this work's morphological and climatic conditions would reinforce decision-making con-

cerning SGI location and other policies presented here.

One of the most significant limitations of this research, as discussed in Chapter 06, is its restricted resources,
which mainly concern time. To deliver comprehensive and straightforward outcomes, the thesis focuses on reducing
the number of variables. The editing mentioned establishes a unique scenario within the analytical framework. The
scenario is composed of a ground-floor building, even though most schools in the state usually have ground plus two
floors. The decision reduces the number of variables and different outcomes. It is, as the EMEF Amorim Lima fieldwork
(chapter 04) indicated that the outcomes in the area closer to the pollutant sources will always perform worse than in
the other heights. Furthermore, a unique representative of each studied component is set. For example, their match-
ing simplified renditions represent vertical shading, horizontal hangs, cobogo panels, and glazed windows. The same
happens with the SGI, where there is only one type of tree with a specific height and LAD. The concept is repeated
with living walls, grass, and hedges. The simplification is an understandable approach that permits the focus to be set
on comparing cases. However, it limits this research from fully understanding the performance of elements with other
characteristics. It opens the path to future research to delve into the complexity of vegetation species and define their
true environmental impacts. The guidelines produced in this research can be used as overall guidance. However, specif-
ic studies could be conducted to determine the best practices for each scenario. Thus, ideally, each school environment

and its design proposals should be analysed individually.

Chapter 04, which contains this thesis fieldwork, sets another limitation. The work was developed in a scenario of
the COVID-19 pandemic (2020) and post-pandemic (2021) in Brazil, which is not this author's country of residence. The
mentioned context limited access to the school and its users. Consequently, the first idea of a methodology also based
on interviews as an indicator of health and well-being was discarded, with the main indication being achieved through
a literature review. Further work could focus on the qualitative perception of vegetation within school environments,
focusing on questionnaires and workshops with students, tutors, and other staff. Moreover, the limitations of access to
the school due to the necessity of travel within the context of the COVID-19 pandemic resulted in a 14-day study with
point-int-time measurement collected data. It strongly indicated the site-related environmental patterns. However, it
represents an opportunity for future research within the context of a school in Sao Paulo. Research can be conducted

through nonstop data collection over a longer period.

In Chapter 05, more specifically for the annual solar radiation studies, the trees are modelled as solid elements.
The mentioned method illustrates a limitation of this body of work. When the mentioned study was undertaken, the
software did not allow for applying some level of translucency for vegetation modelling. The modelling method men-

tioned would best represent the natural characteristics of the trees in EMEF Amorim Lima. Even though the simulation
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results indicate the level of shading the trees cause, they don’t accurately express the amount of radiation that falls
into the facades beyond the trees. Thus, further studies could be conducted with other software to mimic the trees’
characteristics better. Concerning the same chapter (05 — EMEF Amorim Lima Analytical work), another limitation was
calibrating the ENVI-met software by comparing it with the fieldwork. The grid was considered as one meter to acquire
a high resolution of the simulations’ outcomes. The software is significantly robust, and with a small grid, each sim-
ulated case took over fourteen hours to run. Thus, the number of iterations should be reduced as much as possible.
Additionally, this section focused on the annual performance represented by summer and winter days. Consequently,
the exact days and conditions of the fieldwork were not mimicked in the software. However, the trends observed in the

fieldwork study could also be seen in the ENVI-met analysis, validating the fieldwork outcomes.

Once again, in chapter 06, the thesis indicates the indoor environment; still, it doesn’t explore its performance in
more detail. Due to the ENVI-met’s constraints, only dry bulb temperatures are calculated for each indoor modelled
space, which is analysed in the chapter outcomes. Even though there is a lack of a specific definition of thermal comfort
and air quality indoors, the outdoor conditions are a reliable indication of the situation inside the building. The public
school buildings in the city and state provide indoor air movement through passive strategies, establishing the neces-
sity of crossing ventilation for enhanced performance during warmer periods. Further research could delve into the
indoor environment by conducting outdoor wind pattern analyses to ensure wind movement within the interior. This

thesis does not take the abovementioned approach, as its main interest is the outside areas of schools.

3.4. CONTRIBUTION TO KNOWLEDGE

This thesis contributes significantly to knowledge in the complex context of the design and development of school
environments within environmental challenges. It is singular in the fact it quantifies, using a few parameters, the im-
pacts of different vegetation typologies. The findings confirm characteristics of vegetation that have been tested and
proved for the past years. It is one of the examples of works that focus on the local (immediate) results of having trees
and other vegetation. For example, some SGI elements’ capacity to trap and increase an environmental pollutant con-
centration. In addition to positive human well-being and thermal comfort outcomes when they are implemented. Still,
it is expressed in the literature review that further research is needed to identify the patterns of airborne particle dis-
persion, which is accomplished by this work. Additionally, the multicriteria evaluation through quantitative and qual-
itative research focusing on SGI components and their impact on the indoors is a novelty of this thesis. It achieves an
understanding of the qualitative impacts through a literature review discussion. The quantitative section is expressed
through field and analytical exercises in a context where fieldwork is a less common method to produce scientific ev-
idence (as explained in Chapter 01). This thesis's unique achievement is the profound demonstration and discussion
of wind patterns and barriers composed of brick as school boundary walls impact particulate matter dispersion and
concentration patterns. Ranking by quantification of thermal comfort and air quality indicators, the performance of
grass, hedges, living walls and trees (using a sample of each) is also a new approach in itself. Additionally, the men-
tioned evaluation, combined with the architectural components characteristic of the public schools of a state in Brazil,

is an even more unique approach.
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3.5. FINAL REMARKS

This doctoral research identifies the individual impacts of grass, hedges, living walls and trees on airborne pol-
lutants and perceived thermal comfort in percentages. The thesis group of interest is composed of the future of the
world’s society, relating directly to the sustainability sciences and work fields that aim to preserve and enhance future
human life by doing the same for this planet’s environment. Using field analyses combined with the robust and pio-
neer modelling software ENVI-met, this research delves into the complex task of advising on choosing and locating
vegetation focusing on dense urban settlements, where 10% of our global population resides. This level of quantita-
tive research on the impacts of vegetation on design guidance in the context of public schools in Sao Paulo has never
been previously achieved. Also, this work applies to the entire state due to the mentioned background and the school
guidelines already in place. The existence of a system built through manuals developed and administered by architects
and policymakers facilitates the use of the evidence-based suggestions produced in this thesis. Regarding findings,
the most predictable one was the excellent performance of trees in enhancing thermal comfort and, in contrast, con-
firming the capability of trees to trap pollutant particles and decrease air quality. Additionally, the overall best perfor-
mance of living walls, not only in terms of thermal comfort but specifically for the air quality compared to hedges, was
unexpected. Finally, the thesis also displays remarkable findings, such as the 35% increase in air pollution within cases
with the same wind velocities. Additionally, when air movement drastically drops, air quality further decreases by 40%.
Furthermore, this doctoral work highlights the challenges of comprehending the characteristics and defining the best
uses of living structures, such as greenery as a tool for urban development and having schools as a starting point. Still,
it also underscores the potential of technological advancements and data analysis to develop urban spaces with a re-
sponsible and mindful approach toward green infrastructure. The infrastructure must be carefully planned to provide

the best possible outcomes within cities in rushed and constant growth.
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APPENDIX

APPENDIX A- SUPPORTING INFORMATION FOR
CHAPTERS 04 AND 05

Sao Paulo Internal points
Ground floor First floor
11 Big room 12 1st year 13 Entrance 14 Classrom 01 15 Laboratory
Day 01_25/03_(11:00am) 27 26.9 28.8 28.4 27.4 27.8
Day 02_26/03_ (11:00am) 31 27.2 28 32 29.7 28.6
Day 03_27/03_ (04:00pm) 29 28.6 283 28.5 29.6 29.2
Day 04_29/03_ (08:00 am) 23 24.2 24.8 24.1 25.2 25.5
Day 05_30/03_(06:00 pm) 21 225 222 22.7 243 242
Day 06_31/03_(06:00 pm) 21.6 233 21.7 22.7 21.1
Day 07_01/04_(04:00 pm) 23.8 23.4 24.6 24.5 23.9
Day 08_02/04_(08:00 am) 20.4 20.9 28.3 21 21.3
Day 09_04/04_(11:00 am) 23 23.2 22.8 23.3 23 23.3
Temperature (C) Day 10_05/04_(04:00 pm) 23 23.7 23.5 24.5 23.8 24
Day 01 (11:00am) 55.4 54.8 54.1 55.5 54.5
Day 02 (11:00am) 55.9 58 47 51 57.8
Day 03 (04:00pm) 46.4 52.1 47.1 50.2 51.2
Day 04 (08:00 am) 67.7 69.7 68.5 65.6 64.3
Day 05 72 70 69.9 65.8 64.4.
Day 06 65.1 65.6 64.2 63.7 69.5
Day 07 59.6 60.9 56.1 58 60
Day 08 69.4 69.5 68.1 61 66.4
Day 09 60.7 63.1 59.8 59.9 59.6
Humidity (%) Day 10 63.4 63.6 60 62.2 62.3
Day 01 (11:00am) 0/1.6m/s (between doors) 0 0.3 0 0
Day 02 (11:00am) 0 0 0.1 0 0
Day 03 (04:00pm) 1 0 (1.7 with door open) 1.1 1 1.2
Day 04 (08:00 am) 0 0 0 0 0
Day 05 0.3 0 0 0 0
Day 06 0 0 1 0.2 0.8
Day 07 0.2 0 (0.5 with open door) 0, 0.4 1.1
Day 08 0.3 0 0.6 0.2 0
Day 09 1.2 0 (0.6 with door open) 1.2 1 1.2
Wind Speed (m/s) |Day 10 0.6 0 (0.4 with door open) 1.1 0.9 1.8
Day 01_25/03_(11:00am) 49.9 47.6 (56.2 with open door) 233 514 1211
Day 02_26/03_ (11:00am) 62.1 46.6 (68.5 with open door) 196.6 311 787
Day 03_27/03_ (04:00pm) 100.9 17.3 (28.9 with door open) 471 75.6 212
Day 04_29/03_ (08:00 am) 62.5 35.5 (52 with door open) 158.1 166.6 328
Day 05_30/03_(06:00 pm)
Day 06_31/03_(06:00 pm)
Day 07_01/04_(04:00 pm) 215 40.9 (51.8 with door open) 806 377 2040
Day 08_02/04_(08:00 am) 74.4 33.6 (47.7 with door open) 121.9 255 657
Day 09_04/04_(11:00 am) 70.6 52.8 (66.5 with door open) 252 517 1275
Illuminance (lux) Day 10_05/04_(04:00 pm) 41.7 92.2 (111.1 with door open) 886 1876 1367
Day 01 (11:00am) 25.1 27.7 253 27.3 26.5
Day 02 (11:00am) 24.8 24.4 25.1 27 26.5
Day 03 (04:00pm) 25.4 24.7 26.5 27.9 27.6
Day 04 (08:00 am) 24.4 24.7 24.9 26 26.6.
Day 05 24.6 24.8 24.8 26.6 27
Day 06 23.6 24.1 24.2 24.9 24.9
Day 07 23.4 23.5 24 25.2 24.5
Day 08 21.9 22.9 21.7 22.6 22.3
Day 09 22.5 22.9 22.8 23.9 23.2
Surface temperature |Day 10 22.8 22.8 23.6 24.3 23.8
Day 01_25/03_(11:00am) 49.6 46.8 (97.7 with open door) 47.7 37.5 47
Day 02_26/03_ (11:00am) 49 42.6 (52 with open door) 38.6 38.7 58.2
Day 03_27/03_ (04:00pm) 45.4 35.8 (46.9 with open door) 35.5 36.8 37.2
Day 04_29/03_ (08:00 am) 44.9 39.4 (51.8 with open door) 42.4 43.1 37
Day 05_30/03_(06:00 pm) 66.7 41.2 (48.4 with open door) 48.1 38.3 43.1
Day 06_31/03_(06:00 pm) 47.3 39.6 (52.8 with open door) 51.4 43.1 53.3
Day 07_01/04_(04:00 pm) 51.9 45.4 (67.3 with open door) 46.1 61.4 45.9
Day 08_02/04_(08:00 am) 43.5 41.2 (60.2 with door open) 51.6 36.7 59.4
Day 09_04/04_(11:00 am) 42.2 37.8 (45.7 with door open) 49.9 57.8 39.4
Sound levels (dB)  [Day 10_05/04_(04:00 pm) 51.3 41.8 (58 with door open) 49.3 52.8 41.8

Table A.01 - Table with the collected data in the fieldwork of EMEF Amorim Lima
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External points

Second floor

16 Classrom 02 (SS) [I7 Classrom 03 (DS) E1 Entrance E2 Cora 01 E3 Cora 02 E4 Cora 03 E5 Open classrom E6 Covered football court E7 Garden |E8 Football court
28.5 28.2 27.9 30.1 28.6 31.4 32518 29.3 28.7 Sl
29.2 28.7 28.5 29.7 28.8 37.3 28.8 33.7 323 34.2
30.2 29.9 29.7 34.7 Sl B1% 31.6 30.8 521 32.8
25.4 25.4 243 23.6 23.6 23.7 24.3 23.9 24.6 24.5
24.3 24.1 2L 20.7 21 215 21.9 23.8 20.8 20.9

23 22.5 21.1 20 19.9 19.7 20.1 19.4 19.1 19.2
26 25.4/ 25.1 24/ 23.4 23.9 23.4 22.6 22.7 23.6
21 21.8 21 20.5 21.1 23 25.2 22.3 243 24.7
23.4 23.5 23.5 25 24.1 25 24.6 24.5 25.4. 28.2
25.1 24.7 24.1 24.2 23.9 23.7 23.6 23.6 24.5 24.8
51.9 53.7 54.1 48.1 52.2 46.9 43.3 50.5 52.6 47.5
57.8 8y 56.3 53.1 54.1 36.8 58 43 44 43
50.2 47 43 36.3 39.5 35.5 35.4 37.1 37.2 36.6
63.4/ 63.8 67.4 71.2 71.1 69.5 68.3 69.9 68 67.6
64.1 64.2 72 78.1 77 75.5 73.2 65.9 76.2 81.2
61.7 69.1 69.5 73.8 74.9 76 67.2 76.7 705 77.3
53.7 55.7 59.6 59.1 61.6 70.4 65.9 65.7 64.6 61.8
64.4. 61.1 66.1 66 65.6. 61.2 56.6 60.8 57.7 53.7
59.9 60.5 63.3 58.8 61.3 59.3 60.3 59.6 57.2 48.3
58.3 61.6 62.3 60.7 62.2 63.1 63.3 63 62.2 58.8
0 0 0 0 0.4 1.2 0 0 0.6 0

0 0| 1.1 0.3 0.6 0 0 0.2 0.7 0.8
0.7 1.7 1 0.5 .5 2.4 0 0 0.4 0.7
0 0| 0 0.9 0.4 0.5 0 0 0.8 0.3

0 1 1 0.4 0.3 1 0.3 0.7 0.2 1.1

0 1.2 0.6 1.1 0.5 1.3 0.2 1 0.3 0.7
0.1 1 0.5 2.1 27 1.1 0.4 1 2 1.6
0 i3 0.8 .8 1.2 1.1 0 1.1 1.8 1.7

1 2.8 1.1 1 1.2 1.8 0.6 2.2 1.1 1.6
1.2 1.6 0.7 1.8 1.9 1.7 0.5 1 0.9 1.5
1152 953 20,300 6,900 4,050 115,500 3,210 52 942,000 124,000
772 605 95,500 25,000 2,580 16,810 2,530 156.7 111,700 120,600
117.8 180.6 6,030 5,990 3,500 13,890 2,240 52.3 14,550 14,690
268 490 3,500 4,410 4,880 22,700 5,110 117.6 16,860 19,200
22700 13750 5040 3090 2030 5830 593 61.9 5830 12090
665 462 1999 7270 2380 60600 3960 146.5 78400 70900
735 1135 5610 9340 4000 21500 1342 77.7 28100 69300
2450 1201 5140 6760 3920 11300 1937 103.4 7200 13850
27.8 27.5 36.2 27.7 25.5 47.4 27 29.2 36.7 47.2
26.9 27.4 35.8 26 25.6 46.4 26.3 29.5 37.3 46.3
29.3 30.1 28.3 32.6 26.5 40.3 27.1 27.1 27.4 39.5
25.5 26.1 23.2 223 22.3 26.6 25.3 24.8 25.2 26.4
27.5 27.7 23.5 20.5 20.7 24.5 25.1 25.1 21 26
26.2 23.6 223 20.9 19.2 24.8 23.2 22.8 18 23.8
L3 27 27.4 24/ 21.7 S5 24 25.3 215 32.8
23 22.5 20.6 21.7 20.6 25.9 21.5 23.4 25.5 26.7
23.7 23 25.2 24/ 24.2 34.7 25.3 24.6 27.3 37.8
30.8 27.7 27.2 26.8 233 32.4 24 25.8 23 34.6
S5} 47 54.1 62.5 555 5.2 52.8 47.1 45.9 48.2
37.4 52.5 62.9 59.7 54.3 52.1 49.5 423 36.2 40.6
41.6 531 46.1 525 58.3 49.3 44.7 ) 39 42.3
55 47.9 47.8 53.9 60.7 52 56.2 45.4 42.2 39.8
G585} 50.6 52.8 5o/ 60.5 48.5 49.3 45.5 44.3 48.3
43.5 59.7 50 67.6 62.9 49.5 46.6 47.2 70.5 46.4
50.7 53.7 59.4 56.9 56.1 52.2 54.4 47.5 51.5 48.9
37.8 43.2 54.3 56.1 56.5 48.5 53.5 52.3 42.4 43.9
44.8 47.2 49.7 55.4 52.3 48.8 44.4 48.3 42.3 45.7
50.8 52.7 64.9 52.3 54 49.6. 48.7 54.7 50.6 50.9
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Table A.02 - Table with the collected data in the fieldwork of EMEF AMORIM LIMA with focus on pollutants.

292



Aua das Horténsias, 300 « O4051-000 S&o Pauwlo SF = Tel: 11-5585. 1995 751741.6845 Acﬁo

W W, Scaoenag

enharia.com. br engenharia

EMEF DESEMBARGADOR AMORIM LIMA

N° Nome comum Nome cientifico DAP 2 3(cm) S DAP altura origem estado Observagbes
(cm) (m) fitossanitario
1 aglaia Aglaia odorata 19 10 exdtica bom proxima da cerca; inclinada para rua
2 aglaia Aglaia odorata 21 9  exdtica bom les&o no tronco
3 morta - - - - junto ao muro
4 amoreira Morus nigra 15+6 21 7  exdtica bom contato com grade; galhos com podridao; proximo a muro
5 amoreira Morus nigra 10+8+9 27 6  exdtica regular troncos cruzados; contato com grade; lesbes no tronco; galhos cruzados
6 pau-de-viola Cytharexyllum
myrianthum 49 12 nativa regular poda inadequada com brotagdes; contato com grade
7 goiabeira Psidium guajava 11 5  nativa regular contato com muro; lesao no tronco
8 alfeneiro Ligustrum lucidum 34+37 71 13 exdtica regular brotagdes laterais; lesdo no tronco com fenda; ramos epicérmicos; leséo por poda
9 toco - - - - dac=50cm
10 areca-bambu  Dypsis lutescens 4+4 75 25 exdtica bom junto ao muro
11 jeriva Syagrus romanzoffiana 28 8 nativa bom contato com grade
12 jeriva Syagrus romanzoffiana 8 2.8 nativa bom contato com muro
13 sabia Mimosa caesalpiniifolia 15 5 nativa regular poda drastica com brotagao; préximo a muro
14 sabia Mimosa caesalpiniifolia 8+27 35 10 nativa regular poda inadequada com brotagao; lesGes no tronco; proximo a muro
15 podocarpus Podocarpus sp. 8+4+3+4 19 4 exdtica bom contato com grade e muro
16 podocarpus Podocarpus sp. 4+3 7 3  exdtica bom contato com muro; bifurcado da base
17 podocarpus Podocarpus sp. 10 4 exdtica bom contato com muro e grade
18 podocarpus Podocarpus sp. 5 4 exctica bom contato com muro e grade; fenda no tronco
19 toco - - - - dac=20cm
20 jeriva Syagrus romanzoffiana 31 8 nativa bom lesdes no estipe
21 toco - - - - dac=59cm
ipé-amarelo- ; .
22 (?ascudo Tabebuia chrysotricha 7+5 12 3.5 nativa bom painel de lesao no galho
23 acerola Malpighia glabra 3+4+4+4+3 18 2.5 nativa regular contato com muro; les6es no tronco e galhos
24 acerola Malpighia glabra 6+3+3+4 16 3.8 nativa regular contato com muro; les6es no tronco e galhos
25 toco - - - - dac=83cm
26 chapéu-de-sol Terminalia catappa 3+4 7 2 exdtica regular poda inadequada com brotagdes; lesdes no tronco
26A toco - - - - -
27 acerola Malpighia glabra 3+5 8 2.5 nativa regular lesdes no tronco; galhos cruzados; paineis de les&o no galho; fenda
28 tuia Thuja sp. 9 4.5 exotica bom -
29 carambola Averrhoa carambola 7+g:g:10+ 55 5  exotica regular podas inadequadas; lesdes no tronco; painel de lesdo no galho
30 roma Punica granatum 3 2.8 exdtica regular polifurcada da base; lesdes no tronco
31 gongaleiro Astronium sp. T+4+5 16 3 nativa regular trifurcada da base; lesdes no tronco; tronco cruzado
32 pitangueira Eugenia uniflora 6 4 nativa bom -
33 freixo Fraxinus americana 69 14  exotica bom podas inadequadas; les&o no tronco; fenda no tronco
34 mexiriqueira Citrus reticulata 4+8+6+7+3 41 3 exdtica bom cz_)nlato com telhado; painel de leséo no galho; folhas atacadas por lagarta; tronco com casca inclusa;
+7+6 trifurcado na base
35 toco - - - - dac=61cm
36 jaboticaba Myrciaria trunciflora 3+3+3 9 2 nativa bom polifurcada da base; tronco cruzado
37 toco - - - - dac=48cm
38 alfeneiro Ligustrum lucidum 68 12 exdtica regular erva de passarinho; podas inadequadas; painel de lesa@o no tronco; galho cruzado; ramos epicérmicos
por poda de galho
39 alfeneiro Ligustrum lucidum 50 12 exdtica regular leses no tronco; podas inadequadas; ramos epicormicos por poda de galho
40 alfeneiro Ligustrum lucidum 31 12 exdtica bom inclinada para construgéo; erva de passarinho; lesdes no tronco
41 alfeneiro Ligustrum lucidum 31 12 exdtica bom inclinada para construgéo; erva de passarinho; leses no tronco
42 alfeneiro Ligustrum lucidum 51 13 exdtica regular lesdes no tronco; podas inadequadas; ramos epicérmicos por poda de galho; leséo no colo
43 amoreira Morus nigra 7+13+9+6 35 5  exdtica regular painel de lesao no tronco; troncos cruzados; lesées no tronco; trifurcado na base; fenda no galho
44 pessegueiro Prunus persica 13+14 20 4.5 exdtica regular contato com poste; painel de lesdo no galho
45 goiabeira Psidium guajava 14 3.5 nativa regular junto ao muro; inclinada; lesdes no tronco; painel de leséo no tronco
46 alfeneiro Ligustrum lucidum 18+24 42 8  exdtica bom bifurcada da base; lesées no tronco; contato com telhado; ramos epicérmicos por poda de galho
47 amoreira Morus nigra 4+9 12.6 5  exdtica regular lesdes no tronco; préximo a muro; bifurcado na base
48 morta - - - - -
49 mangueira Mangifera indica 13 7  exdtica bom les&o no tronco; broca
50 alfeneiro Ligustrum lucidum 54 14 exdtica bom lesdes no tronco e galhos
51 reseda Lagerstroemia indica 13 5  exdtica ruim lesdes no tronco com podridéo; oco no tronco
52 alfeneiro Ligustrum lucidum 44 8  exdtica regular lesdes no tronco; erva de passarinho; contato com grade
53 alfeneiro Ligustrum lucidum 26 9  exdtica regular lesdes no tronco; levemente inclinada; ramos epicérmicos por poda de galho; leséo no colo
54 tipuana Tipuana tipu 46 13 exdtica bom levemente inclinada
55 alfeneiro Ligustrum lucidum 18 8  exdtica regular lesbes no tronco; inclinada
55A toco - - - - -
56 tipuana Tipuana tipu 42 12 exdtica regular lesdes no tronco; inclinada
57 alfeneiro Ligustrum lucidum 15+25+18 58 8  exdtica regular erva de passarinho; lesdes no tronco; tronco com casca inclusa; leses no colo
58 alfeneiro Ligustrum lucidum 17+12+19+14 62 7 exdtica ruim ga[hos secos; lesdes no tronco; tronco com casca inclusa; trifurcado na base; les@o no colo; painel de
les&o no tronco
59 alfeneiro Ligustrum lucidum 20 8  exdtica regular galho seco; lesdo no tronco; ramos epicérmicos
60 alfeneiro Ligustrum lucidum 40 10 exdtica bom poda inadequada; tronco com casca inclusa; broca
61 amoreira Morus nigra 6 4 exdtica bom contato com grade
62 alfeneiro Ligustrum lucidum 13+16 29 6  exdtica regular lesbes no tronco e colo; erva-de-passarinho
63 goiabeira Psidium guajava 16 6 nativa regular inclinada; lesdes no tronco e colo
63A toco - - - - -
64 goiabeira Psidium guajava 15 5 nativa regular contato com grade e fiagdo; painel de lesdo no tronco; lesdo no tronco
65 freixo Fraxinus americana 44 13 exotica bom levemente inclinada
66 ameixeira Eriobotrya japonica 8+11 19 5 exdtica regular bifurcada da base; contato com grade e lesGes no tronco
67 alfeneiro Ligustrum lucidum 12+11+14 37 5  exdtica regular trifurcada da base; contato com grade; les6es no tronco
68 reseda Lagerstroemia indica 11+13+11 35 6  exdtica bom trifurcada da base; contato com construgdo
69 alfeneiro Ligustrum lucidum 16+19 35 6  exotica regular lesdes no tronco; bifurcado na base; lesao nos galhos
70 freixo Fraxinus americana 48 13 exdtica bom galho cruzado
71 morta - - - - -
72 alfeneiro Ligustrum lucidum 20 8  exdtica regular contato com fiagdo e poste; lesdes no tronco; junto ao muro
73 pitangueira Eugenia uniflora 7+7 14 6 nativa bom lesdes no tronco; préximo a muro; contato com cerca
74 pitangueira Eugenia uniflora 5+4+3 12 4 nativa bom
75 goiabeira Psidium guajava 23 8 nativa regular lesGes no tronco; painel de leséo no tronco; podada
76 toco - - - -
77 freixo Fraxinus americana 36 13 exdtica bom -
78 alfeneiro Ligustrum lucidum 25+42 67 12 exdtica regular _conlato corr~| fiagdo; grade e iluminagéo; ramos epicormicos; lesdo no tronco; tronco com casca
inclusa; lesao nos galhos
79 alfeneiro Ligustrum lucidum 17+21 38 9  exdtica regular bifurcada da base; erva-de-passarinho; painel de lesao no tronco
80 freixo Fraxinus americana 22 12 exdtica bom leses no tronco
81 alfeneiro Ligustrum lucidum 18+24 42 9 exdtica ruim galhos»secos; tuneis de cupim; co[n_ato com grade e fiagao; painéis de lesdo no colo e tronco; painel
de lesdo do colo ao galho secundario
82 freixo Fraxinus americana 48 14 exdtica bom les&o no tronco; contato com fiagéo
82A toco - - - - -
83 amoreira Morus nigra 23 9 exdtica regular lesbes no tronco; ramos epicormicos
84 alfeneiro Ligustrum lucidum 69 10 exctica regular b!furcada da base; lesdes no !ronc_o e colo; painel de lesao no tronco; galho cruzado; leséo no colo;
bifurcado na base; erva-de-passarinho
85 alfeneiro Ligustrum lucidum 26 9  exdtica bom contato com fiagao e grade; préxima ao muro; lesdo no tronco
86 alfeneiro Ligustrum lucidum 6  exotica bom préximo ao muro
87 abacateiro Persea americana 19 7  nativa bom painel de lesdo no tronco; lesdo no tronco; inclinada
88 nespereira Eriobotrya japonica 14 5  exdtica regular painel de lesdo no tronco; lesdes no tronco
89 inga Inga sp 23 6 nativa bom lesdes no tronco; fenda; inclinada
90 alfeneiro Ligustrum lucidum 52 12 exdtica regular painel de lesdo no tronco; préximo ao muro; lesdes no tronco e galhos
91 alfeneiro Ligustrum lucidum 23+25 34 10 exdtica regular painéis de lesdes nos galhos; lesdes no tronco; junto ao muro
92 alfeneiro Ligustrum lucidum 32 10 exdtica bom painel de lesdo no tronco; préximo ao muro
93 alfeneiro Ligustrum lucidum 24 10 exdtica bom lesdes no tronco;junto ao muro
94 citrus Citrus sp. 7 8  exdtica bom préximo ao muro
95 alfeneiro Ligustrum lucidum 36 17  exdtica regular lesdes no tronco; painel de lesao no colo; erva-de-passarinho; junto ao muro

Table A.03 - Table with the information of the treea and other vegetation species in EMEF Amorim Lima, used to build the ENVI-met
model (given by the school).
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Figure A.04 - Roof plan of EMEF Amorim Lima containing the location of each existing tree (given by the school).
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APPENDIX B- SUPPORTING INFORMATION FOR
CHAPTER 06

Simulation Date and Time Simulation Date and Time
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Figure B.01 - Microclimatic conditions inputed in ENVI-met® for the Figure B.02 - Microclimatic conditions inputed in ENVI-met® for the

hot studied day. cold studied day.

1 Soils/ Ground Materiaks = Soil Profiles ?ﬂ: Simple Plants Wall/Roof Materials »  Wall/Roof Constructions -"L Greenings ﬂ Single Walls Sources
@ g B Database-ID:  [0200300
Vﬁ User Plants Mame: Grass 15 om aver. dense
i v gy Grass Color: I -
: &Y [0200X¥] Grass 15 cm aver. dense
v < System Plants Parameter Value
; g Jlcsjcnacdue”:;:enir'lg plants Alternative Name (Nonej
v E:? Grass CO2 Fixation Type c3
[0200XY] Grass 50 cm aver. dense Leaf Type Gras
[0200%X] Grass 25 cm aver. dense Albedo 0.20000
» -{=p Hedges and others Emissivity 0.97000
> &~ Legay Transmittance 0.30000
Plant height 0.15000
Root Zone Depth 0.20000
Costs 0.00000
Leaf Area [LAD) Profile 0.30000,0.30000,0.30000,0.30000,0.30000,0.30000,0.30000,0.30000,0.30000,0.30000
Root Area [RAD] Profile 0.10000,0.10000,0.10000,0.10000,0.10000,0.10000,0.10000,0.10000,0.10000,0.00000
Season Profile 1.00000,1.00000,1.00000,1,00000,1.00000, 1,00000, 1.00000, 1,00000,1.00000,1,00000, 1.00000, 100000

Figure B.03 - Image of an extract of the ENVI-met®s DBManager® with constructed grass.
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Figure B.04 - Outcome EWO01, Hot day Hot Hour, PM2.5.
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Figure B.05 - Outcome EW02, Hot day Hot Hour, PM2.5.
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<Right foot>

Figure B.06 - Outcome EWO03, Hot day Hot Hour, PM2.5.

Y (m)

Figure 1: EW04 15.00.00

40.00—

30.00H

20.00

10.00—

11.10.2050

x/y Cut at k=1 (=1.5000 m)

PM2.5 Concentration

below 1.0 pg/m3
1.0 to 2.0 pg/m3
2.0 to 3.0 pg/m3
3.0 to 4.0 pg/m3
4.0 to 5.0 pg/m3
5.0 to 6.0 yg/m3
6.0 to 7.0 pg/m3
7.0 to 8.0 yg/m3
8.0 t0 9.0 pg/m3
above 9.0 pg/m3

|

Min: 0.0 ug/m3
Max: 14.4 pg/m3

0.00—

0.00

T
10.00 20.00 30.00 40.00
X (m) »

ENVI-met

<Right foot>

Figure B.07 - Outcome EW04, Hot day Hot Hour, PM2.5.
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Figure 1: EWO05 Hot day
hottest hour 15.00.00
11.10.2050

X/y Cut at k=1 (z=1.5000 m)

40.00—

30.00-H
PM2.5 Concentration

below 1.00 pg/m3

1.00 to 2.00 pg/m3
2.00 to 3.00 ug/m3
3.00 to 4.00 pg/m3
4.00 to 5.00 pg/m3
5.00 to 6.00 ug/m3
6.00 to 7.00 pg/m3
7.00 to 8.00 pg/m3
8.00 to 9.00 ug/m3
above 9.00 pg/m3

Y (m)

20.00

RN

Min: 0.00 pg/m3

10.00—H Max: 13.75 pg/m3

0.00 1 1 1 1
0.00 10.00 20.00 30.00 40.00

X (m) »

ENVI-met <Right foot>

Figure B.08 - Outcome EWO05, Hot day Hot Hour, PM2.5.

Figure 1: Base Case NSO1
15.00.00 11.10.2050

x/y Cut at k=1 (=1.5000 m)

PM2.5 Concentration

below 1.0 pg/m3
1.0 to 2.0 pg/m3
2.0 to 3.0 pg/m3
3.0 to 4.0 pg/m3
4.0 to 5.0 pg/m3
5.0 to 6.0 pg/m3
6.0 to 7.0 pg/m3
7.0 to 8.0 yg/m3
8.0 t0 9.0 pg/m3
above 9.0 pg/m3

Y (m)

|

Min: 0.0 ug/m3
Max: 13.3 pg/m3

0.00— T T T T
0.00 10.00 20.00 30.00 40.00
X(m)

ENVI-met <Right foot>

Figure B.09 - Outcome NSO1, Hot day Hot Hour, PM2.5.
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Y (m)

Figure 1: NS02 15.00.00
11.10.2050

x/y Cut at k=1 (=1.5000 m)

PM2.5 Concentration

below 1.0 pg/m3
1.0 to 2.0 ug/m3
2.0 to 3.0 pg/m3
3.0 to 4.0 pg/m3
4.0 to 5.0 pg/m3
5.0 to 6.0 pg/m3
6.0 to 7.0 pg/m3
7.0 to 8.0 pg/m3
8.0 t0 9.0 pg/m3
above 9.0 pg/m3

RN

Min: 0.0 pg/m3
Max: 13.5 pg/m3

0.00

T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met

<Right foot>

Figure B.10 - Outcome NSO2, Hot day Hot Hour, PM2.5.

Y (m)

Figure 1: NSO3 15.00.00
11.10.2050

x/y Cut at k=1 (=1.5000 m)

PM2.5 Concentration

below 1.0 pg/m3
1.0 to 2.0 pg/m3
2.0 to 3.0 pg/m3
3.0 to 4.0 pg/m3
4.0 to 5.0 pg/m3
5.0 to 6.0 pg/m3
6.0 to 7.0 pg/m3
7.0 to 8.0 pg/m3
8.0 t0 9.0 pg/m3
above 9.0 pg/m3

|

Min: 0.0 pg/m3
Max: 13.4 pg/m3

0.0} ; ; ; ;
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met

<Right foot>

Figure B.11 - Outcome NSO3, Hot day Hot Hour, PM2.5.
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Y (m)

Figure 1: NS04 15.00.00
11.10.2050

x/y Cut at k=1 (=1.5000 m)

PM2.5 Concentration

below 1.0 pg/m3
1.0 to 2.0 ug/m3
2.0 to 3.0 pg/m3
3.0 to 4.0 pg/m3
4.0 to 5.0 pg/m3
5.0 to 6.0 pg/m3
6.0 to 7.0 pg/m3
7.0 to 8.0 pg/m3
8.0 t0 9.0 pg/m3
above 9.0 pg/m3

RN

Min: 0.0 pg/m3
Max: 13.9 pg/m3

0.00

T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met

<Right foot>

Figure B.12 - Outcome NSO4, Hot day Hot Hour, PM2.5.

Y (m)

Figure 1: NSO5 Hot day
hottest hour 15.00.00
11.10.2050

x/y Cut at k=1 (z=1.5000 m)

PM2.5 Concentration

below 0.03 pg/m3

0.03 to 0.06 ug/m3
0.06 to 0.09 pg/m3
0.09 to 0.12 pg/m3
0.12 to 0.15 pg/m3
0.15 to 0.18 pg/m3
0.18 to 0.21 pg/m3
0.21 to 0.24 ug/m3
0.24 to 0.27 pg/m3
above 0.27 pg/m3

|

Min: 0.00 pg/m3
Max: 0.30 pg/m3

0.0} ; ; ; ;
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met

<Right foot>

Figure B.13 - Outcome NSO5, Hot day Hot Hour, PM2.5.
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Figure 1: NSO1 Hot day
coldest hour 07.00.01
11.10.2050

Xy Cut at k=1 (2=1.5000 m)

40.00

30.00—

below 23.00 °C

23.00 to 24.00 °C
24.00 to 25.00 °C
25.00 to 26.00 °C
26.00 to 27.00 °C
27.00 to 28.00 °C
28.00 to 29.00 °C
29.00 to 30.00 °C
30.00 to 31.00 °C
above 31.00 °C

Y (m)

20.00—

MO0

Min: 15.00 °C

10.00 Max: 30.61 °C

0.00~ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.27 - Outcome NSO1, Hot day Coldest Hour, PET.

Figure 1: NS02 Hot day
coldest hour 07.00.01
11.10.2050

x/y Cut at k=1 (z=1.5000 m)

40.00

30.00—

below 23.00 °C

23.00 to 24.00 °C
24.00 to 25.00 °C
25.00 to 26.00 °C
26.00 to 27.00 °C
27.00 to 28.00 °C
28.00 to 29.00 °C
29.00 to 30.00 °C
30.00 to 31.00 °C
above 31.00 °C

Y (m)

20.00—

e R

Min: 14.70 °C

10,00 Max: 30.14 °C

0.00+ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.28 - Outcome NS02, Hot day Coldest Hour, PET.
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Figure 1: NS03 Hot day
coldest hour 07.00.01
11.10.2050

Xy Cut at k=1 (2=1.5000 m)

40.00

30.00—

below 23.00 °C

23.00 to 24.00 °C
24.00 to 25.00 °C
25.00 to 26.00 °C
26.00 to 27.00 °C
27.00 to 28.00 °C
28.00 to 29.00 °C
29.00 to 30.00 °C
30.00 to 31.00 °C
above 31.00 °C

Y (m)

20.00—

MO0

Min: 14.80 °C

10.00 Max: 30.09 °C

0.00~ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.29 - Outcome NSO3, Hot day Coldest Hour, PET.

Figure 1: NS04 Hot day
coldest hour 07.00.01
11.10.2050

x/y Cut at k=1 (z=1.5000 m)

40.00

™ . i
L]
Min: 14.60 °C

10.004 | Max: 29.58 °C

below 23.00 °C

23.00 to 24.00 °C
24.00 to 25.00 °C
25.00 to 26.00 °C
26.00 to 27.00 °C
27.00 to 28.00 °C
28.00 to 29.00 °C
29.00 to 30.00 °C
30.00 to 31.00 °C
above 31.00 °C

Y (m)

e R

0.00+ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.30 - Outcome NS04, Hot day Coldest Hour, PET.
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Figure 1: NSO5 Hot day
coldest hour 07.00.01
11.10.2050

Xy Cut at k=1 (2=1.5000 m)

40.00

30.00—

below 23.00 °C

23.00 to 24.00 °C
24.00 to 25.00 °C
25.00 to 26.00 °C
26.00 to 27.00 °C
27.00 to 28.00 °C
28.00 to 29.00 °C
29.00 to 30.00 °C
30.00 to 31.00 °C
above 31.00 °C

Y (m)

20.00—

MO0

Min: 14.40 °C

10.00 Max: 31.05 °C

0.00~ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.29 - Outcome NSO5, Hot day Coldest Hour, PET.

Figure 1: NSO1 Hot day
coldest hour 07.00.01
11.10.2050

x/y Cut at k=1 (z=1.5000 m)

40.00

30.00—
Mean Radiant Temp.

below 22 °C
22to 23°C
23to 24°C
24to 25°C
25to 26 °C
26to 27 °C
27to 28 °C
28to 29 °C
29to 30°C
above 30 °C

Y (m)

20.00—

I

Min: 17 °C

10,00 Max: 39 °C

0.00+ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.30 - Outcome NSO1, Hot day Coldest Hour, MRT.
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Figure 1: NS02 Hot day
coldest hour 07.00.01
11.10.2050

Xy Cut at k=1 (2=1.5000 m)

40.00

30.00—
Mean Radiant Temp.

below 22 °C
22to 23°C
23to 24°C
24to 25°C
25to 26 °C
26to 27 °C
27to 28 °C
28to 29 °C
29to 30°C
above 30 °C

Y (m)

20.00—

RO

Min: 16 °C

10.00 Max: 38 °C

0.00~ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.27 - Outcome NSO2, Hot day Coldest Hour, MRT.

Figure 1: NS03 Hot day
coldest hour 07.00.01
11.10.2050

x/y Cut at k=1 (z=1.5000 m)

40.00

30.00—
Mean Radiant Temp.

below 22 °C
22to 23°C
23to 24°C
24to 25°C
25to 26 °C
26to 27 °C
27to 28 °C
28to 29 °C
29to 30°C
above 30 °C

Y (m)

20.00—

I

Min: 16 °C

10,00 Max: 38 °C

0.00+ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.28 - Outcome NS03, Hot day Coldest Hour, MRT.
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Figure 1: NS04 Hot day
coldest hour 07.00.01
11.10.2050

X/y Cut at k=1 (z=1.5000 m)

40.00

30.00—
Mean Radiant Temp.

below 22 °C
22to 23°C
23to 24°C
24to 25°C
25to 26 °C
26to 27 °C
27 to 28 °C
28to 29 °C
29to 30°C
above 30 °C

Y (m)

20.00—

| e

6°C

10.00 Max: 37 °C

0.00~ T T T T
0.00 10.00 20.00 30.00 40.00
X (m)

ENVI-met <Right foot>

Figure B.29 - Outcome NSO4, Hot day Coldest Hour, MRT.

Figure 1: NSO1 Hot day
coldest hour 07.00.01
11.10.2050

x/y Cut at k=1 (z=1.5000 m)

Potential Air Temperature

below 19.37 °C

19.37 to 19.51 °C
19.51 to 19.66 °C
19.66 to 19.80 °C
19.80 to 19.94 °C
19.94 to 20.08 °C
20.08 to 20.23 °C
20.23 t0 20.37 °C
20.37 to 20.51 °C
above 20.51 °C

Y (m)

NN

Min: 19.23 °C
Max: 20.65 °C

X (m)

ENVI-met <Right foot>

Figure B.30 - Outcome NSO1, Hot day Coldest Hour, Potential Air Temperature.
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Y (m)

40.00

30.00-1

20.00-1

10.00~

0.00—

Figure 1: NS02 Hot day
coldest hour 07.00.01
11.10.2050

x/y Cut at k=1 (=1.5000 m)

Potential Air Temperature

below 19.36 °C

19.36 to 19.50 °C
19.50 to 19.64 °C
19.64 to 19.78 °C
19.78 t0 19.92 °C
19.92 to 20.06 °C
20.06 to 20.20 °C
20.20 to 20.34 °C
20.34 t0 20.48 °C
above 20.48 °C

L

Min: 19.22 °C
Max: 20.62 °C

0.00

T T
10.00 20.00
X (m)

f f
30.00 40.00

ENVI-met

<Right foot>

Figure B.29 - Outcome NS02, Hot day Coldest Hour, Potential Air Temperature.

Y (m)

40.00—

30.00—

20.00—

10.00—

0.00—

Figure 1: NSO3 Hot day
coldest hour 07.00.01
11.10.2050

XJy Cut at k=1 (z=1.5000 m)

Potential Air Temperature

below 19.37 °C

19.37 to 19.51 °C
19.51 to 19.65 °C
19.65 to 19.79 °C
19.79 t0 19.93 °C
19.93 to 20.07 °C
20.07 to 20.21 °C
20.21t0 20.35 °C
20.35 to 20.49 °C
above 20.49 °C

NN

Min: 19.22 °C
Max: 20.63 °C

0.00

T T
10.00 20.00
X (m)

f f
30.00 40.00

ENVI-met

<Right foot>

Figure B.30 - Outcome NSO03, Hot day Coldest Hour, Potential Air Temperature.
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Y (m)

40.00

30.00-1

20.00-1

10.00~

0.00—

0.00

T T
10.00 20.00
X (m)

f
30.00

f
40.00

Figure 1: NS04 Hot day
coldest hour 07.00.01
11.10.2050

x/y Cut at k=1 (=1.5000 m)

Potential Air Temperature

below 19.36 °C

19.36 to 19.50 °C
19.50 to 19.63 °C
19.63 to 19.77 °C
19.77 t0 19.91 °C
19.91 to 20.04 °C
20.04 to 20.18 °C
20.18 t0 20.32 °C
20.32 t0 20.45 °C
above 20.45 °C

L

Min: 19.22 °C
Max: 20.59 °C

ENVI-met

<Right foot>

Figure B.29 - Outcome NS04, Hot day Coldest Hour, Potential Air Temperature.
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