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ABSTRACT

Standardized replicable buildings can cause discomfort and increased air
conditioning usage currently and in the future. Besides, supercool materials are
effective passive cooling solutions to enhace the potential for positive energy
buildings and passive survivability. Therefore, It is hypothesized that it is possible to
achieve positive energy, adequate thermal comfort, thermal resilience and passive
survivability in Brazilian standardized public schools of the FNDE with easy
replicability in eight bioclimatic zones using cool materials, other passive strategies
and local energy production from photovoltaic system. Hence, this thesis is structured
by the following specific objectives and methods: identify thermoenergetic
performance of current standardized brazilian public schools in 8 bioclimatic zones
through DesignBuilder simulations and ASHRAE 55 adaptive thermal comfort
analysis, verify suitable cool materials and passive strategies to achieve thermal
comfort by optimization simulations with EnergyPlus and JEA Algorithm, sensitivity
and heat balance analysis, evaluate the thermal resilience and passive survivability
of the schools in present and future (Typical Meteorological Year — TMY, 2050 and
2080) with frequency, intensity and severity indicators and assess achieving a
positive energy balance. Results showed that the current school models lack thermal
comfort. Thus, different cool paints are recommended: Thermochromic for Heating-
dominated; Spectrally Selective for Cooling-dominated dry and High Broadband
Emissivity for Extreme-cooling-dominated humid zones. Regarding opaque envelope,
thermal mass flat roofs and insulated walls are advised. In 7 out of the 8 climates, the
cool paint on thermal mass flat roof was the most influential passive strategy on
thermal comfort, followed by natural ventilation. The optimized school model ensures
thermal comfort and passive survivability across all bioclimatic zones in TMY without
artificial air conditioning, easily achieving a positive energy balance with PV system.
Despite improved results in thermal comfort and passive autonomy in all scenarios,
the optimized model exhibits higher percentage of occupied hours in dangerous heat.
Consequently, artificial conditioning and a PV system increase of up to 18.75% are

necessary to ensure thermal comfort, passive survivability and positive energy.

Keywords: Educational Buildings, Cool Materials, Positive Energy Buildings,

Passive Survivability



RESUMO

Edificios padronizados replicaveis podem causar desconforto e aumento no uso de
ar-condicionado atualmente e no futuro. Além disso, materiais super frios séo
solugdes passivas eficazes para aprimorar o potencial de edificios com energia
positiva e sobrevivéncia passiva. Portanto, hipotetiza-se que seja possivel alcancar
energia positiva, conforto térmico, resiliéncia térmica e sobrevivéncia passiva em
escolas publicas brasileiras padronizadas do FNDE, com facil replicabilidade em oito
zonas biocliméticas, utilizando materiais frios, outras estratégias passivas e
producdo de energia local a partir de sistemas fotovoltaicos. Portanto, esta tese €
estruturada pelos seguintes objetivos especificos e métodos: identificar o
desempenho termoenergético das atuais escolas publicas brasileiras padronizadas
em oito zonas bioclimaticas por meio de simulacdes do DesignBuilder e andlise de
conforto térmico adaptativo da ASHRAE 55; verificar materiais frios adequados e
estratégias passivas para alcancar conforto térmico por meio de simulacdes de
otimizacdo com o EnergyPlus e o algoritmo JEA, andlise de sensibilidade e balanco
térmico; avaliar a resiliéncia térmica e a sobrevivéncia passiva das escolas no
presente e futuro (Ano Meteorolédgico Tipico - TMY, 2050 e 2080) com indicadores
de frequéncia, intensidade e severidade; e avaliar o alcance de um balanco
energético positivo. Os resultados mostraram que os modelos escolares atuais
carecem de conforto térmico. Assim, recomendam-se diferentes tipos de tintas frias:
Termocrémicas para areas dominadas por aquecimento; Espectralmente Seletivas
para areas secas dominadas por resfriamento e Alta Emissividade de Banda Larga
para areas Umidas dominadas por resfriamento extremo. Em relacdo ao envelope
opaco, recomendam-se telhados planos de massa térmica e paredes isoladas. Em 7
das 8 zonas climaticas, a tinta fria sobre o telhado plano de massa térmica foi a
estratégia passiva mais influente no conforto térmico, seguida pela ventilagéo
natural. O modelo escolar otimizado garante conforto térmico e sobrevivéncia
passiva em todas as zonas bioclimaticas em TMY sem ar-condicionado, alcangando
facilmente um balan¢co energético positivo com o sistema fotovoltaico. Apesar dos
resultados melhorados no conforto térmico e na autonomia passiva em todos 0s
cenarios, o modelo otimizado apresenta uma maior porcentagem de horas ocupadas

em condigbes perigosas de calor. Consequentemente, € necessario o uso de



condicionamento artificial e um aumento de até 18,75% no sistema fotovoltaico para

garantir conforto térmico, sobrevivéncia passiva e energia positiva.

Palavras-chaves: Edificios Educacionais, Materiais Frios, Edificios de Energia

Positiva, Sobrevivéncia Passiva
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21
1. INTRODUCTION

Currently more than 55% of the world population lives in cities and this percentage is
predicted to increase to 68% by 2050 (PISELLO, 2017). This continuous growth of
built-up areas potentiates the phenomenon of heat islands, reduces the levels of
comfort in external and internal spaces and increases: the energy consumption of
buildings with cooling, the urban ecological footprint, the concentration of polluting
gases and the occurrence of problems of heat-related health or mortality (MORINI et
al., 2017; PISELLO, 2017; SANTAMOURIS; YUN, 2020). Another aggravating factor
is climate change and extreme weather events, representing a significant challenge
in the built environment, becoming more frequent (FLORES-LARSEN; FILIPPIN;
BRE, 2023; KRELLING et al., 2023), intense and longer-lasting (HONG et al., 2023),
as evidenced by unprecedented record temperatures in many parts of the world over
the last two decades (SERDAR; MACAULEY; AL-GHAMDI, 2022) and more than
12,000 extreme events recorded in the last 50 years resulting in over 2 million deaths
and more than 4.3 trillion dollars in economic losses (HONG et al.,, 2023). The
increase in heatwaves due to climate change is generating various consequences,
such as increased ambient temperatures, reduced heating energy demand
(TAVAKOLI et al., 2022), compromised energy and environmental performance of
buildings (CIRRINCIONE; MARVUGLIA; SCACCIANOCE, 2021), adverse effects on
health (heatstroke, heat exhaustion and other heat-related illnesses) (ZHANG et al.,
2021), increased mortality (MEHMOOD et al.,, 2022), social security issues,
geopolitical instability (climate refugees), reduced biodiversity safeguards
(CIRRINCIONE; MARVUGLIA; SCACCIANOCE, 2021), a growing demand for
cooling and increased greenhouse gas emissions (SIU et al., 2023; TAVAKOLI et al.,
2022). Furthermore, the high energy demand during extreme events can coincide
with or even cause power outages, exposing residents to health risks and further
endangering building occupants (HONG et al., 2023; ZHANG et al., 2021).

Regarding to the energy consumption, the construction and industry sectors are
responsible for 36% of final energy consumption and 40% of greenhouse gas
emissions, which could reach 50% if the energy consumption in buildings continues
growing at current rates (LIU et al., 2019; ZHANG et al., 2021). In Brazil, residential,
commercial, public and service buildings represent more than 40% of the national
energy demand (EPE, 2019).
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This context has led to the emergence of several international initiatives
(SHIRINBAKHSH; HARVEY, 2021) to achieve the decarbonization targets of the
Paris Agreement (ZHANG et al.,, 2021) and Clean and Affordable Energy and
Sustainable Cities and Communities of the Goals of the Sustainable Development
(DERKENBAEVA et al., 2022). Consequently, were developed design strategies and
advanced technologies to reduce energy consumption and environmental impacts
(HUANG, P.; HUANG, G.; SUN, 2018; PARKIN; HERRERA; A COLEY, 2018;
PIDERIT et al., 2019; HAWILA et al. 2022) such as Zero Energy Buildings and
Districts', which have high energy efficiency and produce, through renewable
sources, the same amount of energy they consume (SARTORI; NAPOLITAN; VOSS,
2012; LIU et al., 2019), or Positive Energy Buildings and Districts?, which produce
more energy than they use (HAWILA et al. 2022). In Brazil, definitions of these
design strategies are also outlined in the Application Manual of Inmetro Instruction
INI-C, which regulates the Brazilian Building Labeling Program — PBE Edifica.
According to this guide, a Nearly Zero Energy Building (NZEB) is an energy-efficient
building where 50% or more of its annual energy demand is supplied by renewable
energy generated on-site or within the building's lot. Meanwhile, a Positive Energy
Building (PEB) generates renewable energy on-site or within its lot boundaries,
exceeding its annual energy demand (INMETRO, 2021).

These constructions are based on three cardinal strategies: passive climate
technologies (such as bioclimatic design, envelope solutions, solar orientation of the
building), active technologies (with artificial climate and efficient equipment) and
renewable energy technologies (COLLADO et al., 2019; BANDEIRAS et al., 2020;
FRANCES et al., 2020; ZHANG et al., 2021).

Among the international initiatives that include Zero or Positive Energy, the following
stand out: Executive Order 13,514 in the USA that requires all new buildings to be
Net ZEB by 2030 (LIU et al., 2019) and the requirements of the European Union (UE
2010/31) for a Near Zero Energy Buildings® for new or renovated buildings (HAWILA
et al. 2022). Due to the fact that 85% of the buildings were constructed before 2000,

t Zero Energy Building — ZEB, Net Zero Energy Building — Net ZEB or NZEB, Zero Energy District — ZED and
Energy Neutral District — END

2 Positive or Plus Energy Building — PEB, Positive Energy Blocks — PEB, Positive Energy District — PED, Energy
Positive Neighborhood — EPN

3 Nearly Zero Energy Building — nZEB
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with 75% of them displaying poor energy performance, the latest regulatory updates
(EU Directive 844/2018 and the Provisional Agreement on EPBD Recast/2023) focus
on the existing building stock. These updates mandate the complete decarbonization
(80-95%) of all buildings by 2050 (EUROPEAN COMISSION, n/d).

The school ZEB theme has been applied by government intervention plans in
schools in Europe and the United States: School of the Future: Towards Zero
Emission with High Performance Indoor Environment (2011-2016), Renew School
(2014-2017), ZEMedS: Zero Energy MEDIterranean Schools (2013-2016), Kentucky
Zero Energy Schools (2012). These established improvements in comfort with
passive strategies; replacement of equipment by more efficient ones; production of
local energy from renewable sources; use of computer softwares to verify the
economic feasibility of implementing solutions, user training programs, recycling and
water conservation (DETWILER, 2012, GAITANI et al., 2015). In Brazil, there are no
programs to achieve zero or positive energy in schools, but there are government
initiatives regarding mandatory building standards to improve comfort and energy
efficiency (FDE, 1990 apud KOWALTOWSKI; LABAKI; PINA, 2001; ABNT, 2005a;
ME, 2007; BRITO et al., 2019, PROCELINFO, n/d), energy saving with equipment
efficiency (SE, n/d) and laws to encourage local production from renewable sources
(ANEEL, 2012).

Other advances on zero energy in elementary schools were achieved in the United
States, through a zero energy plan by Kentucky institutions, with wall insulation
strategies, use of natural light, implementation of a geothermal heating and cooling
system, energy efficiency, use of efficient light bulbs, use of renewable sources such

as photovoltaic systems and recycling and water conservation (DETWILER, 2012).

In the national scenario, regarding the first stage of Zero or Positive Energy wich is
the constructive adaptation to the climate, there is NBR 15,220 normative, divided
into five parts, which deals with the thermal performance of buildings. The third part
of the document classifies the Brazilian territory into eight bioclimatic zones, based
on a grouping of cities with similar temperatures and humidity and defines
constructive guidelines for single-family housing of social interest, with
recommendations for transmittance and thermal delay for walls and roofs and

passive air conditioning strategies (ABNT, 2005a). Minimum performance and
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comfort requirements are also established in brazilian normatives (ABNT, 2021a;
2021b; 2021c).

The current schools follow a standardized model defined by the Foundation for the
Development of Education — FDE, with minimum comfort parameters: room size,
natural lighting and ventilation area, illuminance, types of lamp (FDE, 1990 apud
KOWALTOWSKI; LABAKI; PINA, 2001). In addition to these requirements, there is a
set of guidelines determined in the Technical Guidelines Manual of the National
Program for Restructuring and Acquisition of Equipment for the Public School
Network of Early Childhood Education — PROINFANCIA, used for renovations and
construction of new school buildings, which requires a minimum height of the ceiling
according to the region, thermal insulation of the roof, height of the windows for
ventilation, sun protection by constructive elements or vegetation according to
climatic needs and air renewal between roof and ceiling (ME, 2007). However, the
characteristics defined in these programs are generic and superficial, which do not

explore the maximum potential of each region for energy savings.

As for the second aspect, the reduction of consumption with equipment, a Manual for
Saving Electric Energy at Schools was published by the Government of the State of
S&o Paulo. This suggests regular monitoring of bills, reduction of unnecessary
lighting, strategies for optimizing the lighting system, taking advantage of natural
light, enhancing luminous comfort, energy savings with optimization of water use,
rational use of equipment such as refrigerators, drinking fountains, computers,
copiers, air conditioners and finally, electrical system and equipment maintenance
recommendations (SE, n/d). Even with this initiative, not all Brazilian states have
adopted similar projects and therefore, cases of great energy waste with obsolete
equipment can be identified in other regions; operation of active air conditioning
systems throughout the day, even when the environments are not occupied; and
activation of artificial lighting by circuit breakers, depriving individual shutdown when
there is no occupation (BASTOS et al., 2012).

As for the third stage, related to renewable energies, on April 17, 2012, the
Normative Resolution 482 was published by the National Electric Energy Agency —
ANEEL, which stipulates conditions for distributed microgeneration and

minigeneration and regulates the credit compensation system with the public
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electricity grid. This decision was a small step forward to stimulate local production
from renewable sources (ANEEL, 2012).

Since the emergence of design solutions in 1976 in Denmark, the concept of Zero
and Positive Energy has received several variations in terms of physical or
geographic limits (building, neighborhood or district), location of energy production,
period of time for assessing the energy balance (period of balance), ways of
interacting with the grid, energy assessment metrics, assessment of carbon dioxide
emission and environmental impacts (WELLS; RISMANCHI; AYE, 2018; COLLADO
et al., 2019; LIN et al., 2019; LIN et al., 2020; SHIRINBAKHSH; HARVEY, 2021;
ZHANG et al., 2021; DERKENBAEVA et al., 2022; HAWILA et al., 2022).

In addition to zero and positive energy initiatives, recent studies highlight the need to
enhance the thermal resilience and the passive survivability of buildings to make
them more adaptable and prepared for climate-change-related extreme events that
are expected to become more frequent, intense and severe (SIU et al., 2023). These
buildings feature designs and possibilities for passive cooling, low-energy
consumption systems, backup power and conscious human behavior (MEHMOOD et
al., 2022; ZHANG et al., 2021; HONG et al., 2023). These essential strategies for
thermal resilience and passive survivability in buildings, alternatives to the common
active method of upgrading and resizing HVAC systems, help avoid grid overloads
during peak hours that could lead to power outages in extreme temperature events
(ATTIA et al., 2021; HONG et al., 2023; SIU et al., 2023) and maintain safe internal
environmental conditions for occupants during such events (HONG et al.,, 2023;
ZHANG et al., 2021), especially in regions with extremely high temperatures
(MEHMOOD et al., 2022). In addition to these advantages, buildings with thermal
resilience and passive survivability offer various other benefits, such as improved air
quality, increased comfort and enhanced productivity, sparking increased interest in
studies evaluating building performance through resilience, aiming to surpass
minimum standards and meet future performance targets (ISMAIL; OUAHRANI,;
TOUMA, 2023).

Although the concept of building thermal resilience and passive survivability is not yet
part of building codes, there is growing interest in this area (HONG et al., 2023), as
reflected in current scientific discussions (FLORES-LARSEN; FILIPPIN; BRE, 2023),
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in the Sustainable Development Goals — SDGs (ATTIA et al., 2021; CIRRINCIONE;
MARVUGLIA; SCACCIANOCE, 2021; KHAN et al., 2022), in RELi building ratings in
Leadership in Energy and Environmental Design — LEED, in the practical guide for
climate-resilient buildings by the United Nations Environment Programme and in
indicators for resilient cities developed by International Organization for
Standardization — ISO 37123 (HONG et al., 2023). These initiatives align with the
argument presented by Attia et al. (2021) that, while addressing the root cause of the
climate change problem, it is crucial to deal with its effects. Given that the most
critical future challenge in the construction sector is to prevent extreme temperatures
caused by overheating, it is necessary to conceive and construct resilient and
climate-resistant buildings (ATTIA et al., 2021) in addition to energy efficiency and
carbon metrics (MEHMOOQOD et al., 2022), especially in schools, where the risk of
overheating is even higher due to high occupancy density (SENGUPTA et al., 2023a;
2023b).

Within the international scientific development on this field, there are studies on the
application of cool or supercool materials as a passive conditioning solution on urban
spaces and buildings, including on Zero or Positive Energy Buildings and Thermal
Resilience in Buildings, since they have high solar reflectivity, high thermal emissivity
of the heat absorbed (ASCIONE et al.,, 2018; CASTALDO et al., 2018; CABEZA,
GRACIA; PISELLO, 2018; CABEZA; CHAFER, 2020; XU et al., 2020; TIAN et al.,
2021) and consequently high cooling potential (Ql; ZHU; ZHANG, 2018; BERARDI,;
GARAI; MORSELLI, 2020). Because of their possibility to achieve surface
temperature below the air temperature, these materials can reduce heat gains,
passively cool the interiors of buildings and reduce the demand for mechanical
cooling (BANIASSADI; SAILOR; BAN-WEISS, 2019). Furthermore, supercool
coatings also provide additional advantages when used in ZEBs or PEBs that have a
photovoltaic system on the roof: these materials reduce the temperature of the roof
and the surrounding air and increase the reflected radiation received by the modules,
favoring an increase in efficiency and local energy production (VASILAKOPOULOU
et al., 2023). The supercool coatings are available as tiles, asphalt shingles, metal
roofs, elastomeric coatings, single-ply membranes (ROMEO; ZINZI, 2013), paintings
or can be mixed with other materials as mortar and concrete (SANTAMOURIS; YUN,
2020).
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Some advances in international research on cool materials are mentioned below: a
numerical simulation of cool material in a vacuum chamber showed a maximum
theoretical reduction in surface temperature of 60°C (CARLOSENA et al., 2021). In
experiments on scaled-down models and measurements with pyranometers,
thermometers and surface temperature sensors, some low-cost cool materials had a
temperature 8°C below ambient temperature. In computer simulations of a high-
density urban context in Kolkata (India), cool materials in building roofs enabled a
cooling island with a reduction of up to 10°C in air temperature (FENG et al., 2021).
In computer simulations of buildings, the application of cool materials on the roof of
buildings with a predominantly warm climate (Alice Springs, Australia) enabled a
reduction of 46 kWh/m2 in annual energy demand for cooling, equivalent to almost
50% (FENG et al., 2022b).

In research in the Brazilian context, experiments in reduced models with
measurements by reflectometers and emissometers indicate lime paints as cool
materials with high reflectivity and emissivity and low cost (WERLE; LOH; JOHN,
2014). In computer simulations of buildings, fiber cement roofs with high reflectivity in
social housing in Rio de Janeiro showed a surface temperature 22°C lower than the
conventional roof, a 60% reduction in building heat gains and a payback period of
less than five years (SILVA; MARINOSKI; GUTHS, 2020).

In addition to prove the effectiveness of reducing the surface temperature and
temperature of the surrounding air, recent international research (2016-2022) has
contributed in types of materials and physicochemical compositions (PISELLO, 2017;
LIM, 2019; SANTAMOURIS; YUN, 2020), cost (CARLOSENA et al., 2021; FENG et
al., 2022b), scalability (ways of application and possibilities of complexity reduction
for industrial reproduction) (CARLOSENA et al., 2021; FENG et al.,, 2021) and
durability (QI; ZHU; ZHANG, 2018; YUAN et al., 2018). Other studies have focused
on the performance of materials in cases of mixed climates, with warm and cold
periods where an adaptable material is needed (LIM, 2019; BERARDI; GARAI;
MORSELLI, 2020), or in regions with high humidity or high concentration of
pollutants, where spectrally selective supercool materials tend to reduce their
performance and supercool materials with high emissivity in the broadband are more
suitable (SANTAMOURIS; YUN, 2020; CARLOSENA et al., 2021; FENG et al., 2021;
FENG et al., 2022b).
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The most common cool materials are: light-colored natural materials, high-reflectivity
white coatings, infrared high-reflectivity colored, high-reflectivity asphalt materials,
phase change materials — PCM, retroreflective, thermochromic, fluorescent and
spectrally selective coatings (SANTAMOURIS; YUN, 2020), applied as a coating on
floors, walls or roofs (PISELLO, 2017; SANTAMOURIS; YUN, 2020) of new or
existing buildings (KOLOKOTSA et al., 2018), which can increase the durability of
the surfaces on which are applied (KOLOKOTSA et al.,, 2018; BERARDI; GARAI;
MORSELLI, 2020), counteract the growing trends of heat islands and global warming
(MORINI et al., 2017; BANIASSADI; SAILOR; BAN-WEISS, 2019), pollution (YUAN
et al., 2018), ozone concentration in cities and urban carbon footprint (PISELLO,
2017). As cool materials are used as a coating, the cooling effect of indoor spaces is

also influenced by the substrate where they are applied to.

Such materials have been recently highlighted (LASSANDRO; TURI, 2017; YANG et
al., 2017) as a solution to improve the microclimate in urban canyons, significantly
reduce the energy consumption of buildings with cooling (XU et al., 2020), increase
energy efficiency and comfort conditions and facilitate the achievement of Zero
Energy Buildings — ZEBs and Zero Energy Districts — ZEDs (CASTALDO et al., 2018;
LASSANDRO; TURI; A ZACCARO, 2019), but they have a potentiated effect when
applied on the roof on direct contact with solar radiation (PISELLO, 2017). Therefore,
photovoltaic modules in ZEBs and ZEDs can reduce the cool coating area of the roof
in contact with solar radiation and reduce the cooling effect of the passive strategy
(SAILOR; ANAND; KING, 2021; BROWN et al., 2020).

Thus, there is a need for: an assessment of the applicability of cool materials in the
different types of Zero and Positive Buildings and Districts, considering physical or
geographic limits and location of energy production; a more in-depth analysis of the
possible application of these materials to the different Brazilian climatic configurations
as the main passive strategy to increase comfort and reduce the growing need for
artificial air conditioning; the ideal combination of wall and roof compositions as
substrates for cool materials in the Brazilian context; as well as thermal resilience
and passive survivability strategies to mitigate the risk of overheating in standardized
public schools in Brazil.
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1.1.Problem

The current Brazilian energy matrix is composed of 81.7% of renewable energy,
64.5% of which refers to hydroelectric production (EPE, 2019). Although Brazil is in a
positive environmental context, this configuration is vulnerable mainly in periods of
drought, forcing the adoption of non-renewable energy productions, such as the
additional use of thermoelectric sources in the dry periods that occurred in 2014
(GALVAO; BERMANN, 2015). In addition, the production of electricity in power plants
generates primary, transformation and secondary losses (EPE, 2019) that are almost

nullified in local production systems as in cases of zero or positive energy buildings.

The environmental impact of human activities has grown considerably and a large
part of it caused by Civil Construction, in terms of use of natural resources, energy
consumption and emission of pollutants. Residential, commercial, public and service
buildings represent 50% of the national energy demand (MMA, 2013). Within this
portion, only 1.6% of final energy use refers to the public sector (EPE, 2019), but they
are the only buildings that currently have mandatory energy performance standards,
both in cases of new construction and in retrofit circumstances, due to the publication
of the Normative Instruction for Energy Efficiency 02/2014, which requires an "A"
rating on the National Energy Conservation Label of the Brazilian Building Labeling
Program — PBE Edifica (PBEEDIFICA, 2014; GOMES, 2015).

The public sector is composed of different types of buildings, with different users,
functions, equipment and opening hours, which directly or indirectly interfere in the
energy consumption profile. The statistical survey of these aspects in educational
institutions was carried out for: university centers, which present 40.9% of
consumption with lighting, 14.8% with air conditioning, 2.7% with microcomputers
and 41.6% with other equipment (ALVAREZ; SAIDEL, 2001); and public schools,
which also have the most representative consumption of lighting (GERALDI; GHISI,
2020).

Children's schools, despite being similar to workplaces in offices, require specific
intervention strategies due to the following factors: a more varied functional program,
with different types of activities; constant partial use of the structure due to longer
vacation periods; and partial use of functional spaces, depending on school activities

(R1ZZ0O, 2009), which reflect in different consumptions in relation to other categories.
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However, such particularities have so far been little considered in investigations to

achieve zero or positive energy buildings.

Although there is a Brazilian climate diversity due to the territorial extension of the
country, the current school construction standard is a replicable school model that
aims to solve the high educational quantity demand, with resistance to vandalism,
low cost, easy maintenance and flexibility (FERREIRA; MELLO, 2006).

After the evaluation of 23 works and 59 projects by the Foundation for the
Development of Education — FDE, public sector responsible for educational
institutions in the State of S&o Paulo, it is noted that the shapes of the buildings have
different compactness indexes that influence energy consumption and energy
conservation: compact and vertical, horizontal with a square in the center, distributed
in a set of volumes (FERREIRA; MELLO, 2006). Many have window shading with
overhangs, louvres and screens on facades with a higher incidence of solar radiation,

as well as cross ventilation strategies in summer.

Brazil has 137,828 basic education schools (infant, elementary and high school), of
which 84,915 are urban and 52,913 are rural (INEP, 2021). Of this total, 30,181 were
built or renovated by the National Education Development Fund — FNDE, wich is a
federal government institution with significant operations throughout Brazil and
enables standardized projects for the construction of public schools (MODLER,
2017). Of all basic education schools, 5,321 were investigated in previous studies
(GERALDI; GHISI, 2020), 50% operate during the morning, afternoon and night and
45% only during the morning and afternoon and therefore have more significant
energy consumption outside peak hours (before 6pm or after 9pm). The lowest
consumption months are December, January, February and July (due to school
holidays) and the highest consumption months are March, April and May, which still
have high temperatures (GERALDI; GHISI, 2020).

According to Geraldi and Ghisi (2020), many schools have more than 30 years of
construction (24.38% built between 1939-1964 and 47.53% between 1964-1990),
therefore, built before the regulations currently in force and probably have few

guidelines related to energy efficiency. None of the analyzed buildings has a heating



1. INTRODUCTION 31

system, most do not have air conditioning in the classrooms (78%) and others do not
have any air conditioning system in rooms (39%) (GERALDI; GHISI, 2020).

The schools with the most satisfied users in terms of comfort have air conditioning
equipment and higher installed power of artificial lighting in relation to the others,
which results in a variation of Energy Use Intensity — EUI between 93.08 to 122.20
kWh/student.year, while those with more dissatisfaction vary between 63.18 to 72.55
kWh/student.year. It was identified that the “determinants factors that impact the EUI
in the school building stock in Brazil were: the number of students, floor-plan area,
operation time and HVAC system specifications (type and quantity)” (GERALDI;
GHISI, 2020, p.211).

In most schools there is high dissatisfaction with thermal comfort and tendency to
install air conditioning in classrooms. When considering this scenario, an 88%
increase in the average EUI is predicted, a percentage which could increase 43% by
2080 due to the global warming effects (GERALDI; GHISI, 2020).

Therefore, one of the biggest challenges to solve issues of thermal comfort and
energy efficiency in Brazilian public schools is to design more efficient passive
conditioning solutions without excessively increasing the EUI, that are preferably low

cost and easy to apply and replicate.

Some studies verified the comfort (RACKES, 2015; MODLER, 2017; ALMEIDA,
2018; LOPES, 2020; GONZALES, 2021) and energy efficiency (TELES et al., 2019)

of FNDE schools, however, not all school models were tested in all bioclimatic zones.

Standardized FNDE school buildings are the same for all Brazilian regions
(ALMEIDA, 2018; LOPES, 2020). Considering the climatic diversity of the national
territory, this lack of flexibility compromises the number of occupied hours in thermal
comfort (LOPES, 2020), the quality of indoor spaces, the pedagogical process and
the child development (MODLER, 2017).

Unlike most schools analyzed by Geraldi and Ghisi (2020), the FNDE schools are
more recent, built from 2007 after the beginning of the PROINFANCIA program
(FNDE, n/d) and follow more up-to-date building regulations. This means that the

FNDE schools probably present better thermoenergetic performance than older



1. INTRODUCTION 32

school buildings, but even so, they do not use most suitable passive strategies for
each city and do not consider cool material as a passive strategy.

The FNDE schools are proposed to work in the morning and afternoon shifts, with 30
students per classroom in each period. The months of operations are not reported in
the official database, but previous studies (GERALDI; GHISI, 2021) considered the
standard schedule of school operation in Brazil regulated by the Ministry of

Education: Monday to Friday from March to June and from August to December.
Given the above, this thesis proposes to answer the following questions:

e Cool materials are compatible strategies in which types of zero and positive
energy buildings and districts?

e What are the most suitable cool materials for the Brazilian context and for
each bioclimatic zone? Is it possible to provide thermal comfort in Brazilian
public schools using cool materials and other passive conditioning strategies?

e What is the current thermoenergetic performance of all standardized FNDE
schools in each region of Brazil?

e What are the ideal wall and roof compositions as substrates for cool material
in the Brazilian context?

e Is it possible to achieve positive energy in Brazilian public schools of FNDE in
all brazilian territory?

e Do Brazilian public schools provided by FNDE offer passive survivability and
safe thermal conditions for occupants currently and in long-term climate

scenarios?

1.2. Justification

Positive energy balance is important to obtain more effective results in the
performance and energy efficiency of the building than simply superficial strategies to
reduce environmental impact, as already defended by Oranje (2013, p. 14, our
translation): “By setting an absolute rather than a relative goal, we have a chance to
do something good, not just less bad. Incremental efficiency is important, but it may

be insufficient to deal with climate change”.
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In addition to proposing the achievement of positive energy in schools as bolder long-
term goals in relation to energy performance, this thesis seeks to study the
application of cool materials and complementary passive conditioning strategies on
FNDE standard architecture projects, that can solve the current problems of thermal
comfort in Brazilian school buildings in all bioclimatic zones and increase student

productivity and safety nowadays and in a long-term scenario.

Finally, the proposed study can represent a complementary bibliography for other
architectural typologies with other functional programs in the national context, as well
as for school programs in other countries that have climates similar to those
presented in the Brazilian bioclimatic zones.

1.3. Originality

Although, at present, there is a great diversity of cool materials with a high potential
for cooling and achieving comfort and energy efficiency (SANTAMOURIS; YUN,
2020), few options have been tested for Brazilian climates (WERLE; LOH; JOHN,
2014; SILVA; MARINOSKI; GUTHS, 2020). Furthermore, standardized Brazilian
public schools have not yet been assessed and planned to ensure occupants safety

considering thermal conditions in present and future scenarios.

This thesis proposes the identification and verification of the most suitable materials
for the Brazilian context, which can be part of the standard projects of Brazilian public
schools and contribute to the quality of constructions and to the productivity of
students (GERALDI; GHISI, 2020). Finally, this thesis conducts analyses and
suggests improvements to enhance the thermal resilience and passive survivability of

standardized Brazilian public schools, never previously presented.

1.4. Hypothesis

The hypothesis is that it is possible to achieve positive energy, adequate thermal
comfort, thermal resilience and passive survivability in Brazilian standardized public
schools of the FNDE with easy replicability in eight bioclimatic zones using cool
materials, other passive strategies and local production of energy from photovoltaic

system.
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1.5. Objectives

The objective of this thesis is to evaluate the possibilities of achieving positive energy
balance and passive survivability in Brazilian standardized public schools, focusing
mainly on the use of cool materials and passive strategies in present and future

scenarios.
The thesis was structured to achieve the following specific objectives:

a) Investigate the state of the art of international research in zero and positive
energy buildings and districts and cool materials;

b) Identify the thermoenergetic performance in the current standard school
buildings of FNDE in all brazilian zones;

c) Verify more suitable cool materials, their costs and passive strategies to
achieve comfort in public school buildings of FNDE in 8 bioclimatic brazilian
zones and evaluate the possibility to reach the positive energy in Brazilian
public school buildings;

d) Evaluate the termal resilience and the passive survivability of the optimized
schools in present, typical meteorological year — TMY and future scenarios of
2050 and 2080 and quantify the necessary increase in the PV system to

enhance passive survivability.

1.6.Thesis Structure

The first chapter contains the introduction and as previously mentioned, it addresses

the research problem, the justification, the thesis's originality and the objectives.

The second chapter pertains to the theoretical foundation of the thesis and is
structured into four parts. Firstly, based on a systematic review of international
literature, concepts and definitions of zero and positive energy balance, as well as
the state of the art in cool materials as passive climate control strategies, are
presented. Secondly, most suitable passive strategies and cool materials for the
Brazilian context and their costs are discussed. Thirdly, the main architectural and
energetic characteristics of the Brazilian school building stock and standardized
FNDE schools are exposed, which are the subjects of the thesis. These information
were obtained by consultation with official government websites and a systematic

review of national and international literature. Fourthly, the results of a systematic
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literature review on thermal energy simulation methods for buildings coated by cool
materials and optimization processes are presented. Fifthly, are presented definitions
of Thermal Resilience and Passive Survivability in Buildings, along with metrics,
assessment scenarios and software related to building performance in extreme

events and weather data generation.

Chapter three provides a detailed explanation of all the methods used in each part of
the thesis: literature review, thermal energy simulations of the current state of FNDE
standardized schools, optimization simulations, sensitivity analyses, achievement of
the zero energy balance and thermal resilience and passive survivability

assessments.

Chapter four focuses on the thesis results. This chapter showcases all stages of the
research for the 1 classroom school from the FNDE's PAR program, considered the
representative model within the group of rectangular shape schools. Among the
school models updated in 2023, the rectangular shape is the most prevalent

throughout Brazilian territory.

Chapter five includes the main conclusions obtained at each stage of the work

completed. The structure of the thesis is summarized in the flowchart of Figure 1.

Figure 1 - Thesis Structure

Chapter 1: Chapter 2: Chapter 3: Chapter 4: Chapter 5:
Introduction —| Theoretical —| Methods ] Results —| Conclusions
Foundation

Source: Authors.

2. LITERATURE REVIEW

2.1. Zero and Positive Energy Buildings and Districts: Definitions and

compatibility with Cool Materials

As a fundamental principle of Zero or Positive Energy Buildings and Districts, it is
necessary: to apply passive conditioning technologies (related to the design and
materials of the building) to reduce energy needs, active technologies (of efficient
equipment) to increase consumption efficiency and renewable energy technologies to

reduce emissions and environmental impacts (CABEZA; CHAFER, 2020), but in all
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definitions and classifications, the cardinal rule is to meet the demand first and then
supply (COLLADO et al., 2019; ZHANG et al., 2021). Therefore, the reduction of
energy needs and efficiency must be prioritized (ADELI; FARAHAT; SARHADDI,
2020; BANDEIRAS et al., 2020; DERKENBAEVA et al., 2022) due to area limitations
in buildings for collecting renewable energy, low collection efficiency and more cost-
effective energy efficiency measures compared to installing renewable energy
systems (SHIRINBAKHSH; HARVEY; 2020). Another important rule is that these
measures should not compromise the comfort of users in the spaces (COLLADO et
al., 2019; CABEZA; CHAFER, 2020) and the internal environmental quality (PIDERIT
et al., 2019; CABEZA; CHAFER, 2020)

Among the methods of using renewable energy, the photovoltaic solar system is one
of the most promising (ZHANG et al., 2021), installed on roofs (BANDEIRAS et al.,
2020), in external building walls and windows (ZHANG et al., 2021) or in open areas
in the building limits, associated or not with wind turbines or other renewable energy
sources (BANDEIRAS et al., 2020). Recent research, from 2017, also presents
possibilities of transparent photovoltaic cells (CABEZA; CHAFER, 2020).

2.1.1 Types of energy balance, geographic limit and energy production

From the beginning of Zero and Positive Energy strategies to the present day there is
no universally recognized definition or approach yet (LIU et al.,, 2019) and the

concept is in constant change and adaptation (ZHANG et al., 2021).

Among the various issues surrounding the concept, the ones that most compromise
or enable the use of cool materials as a passive conditioning strategy are geographic
limits (building, neighborhood or district) and location of energy production.

The geographic boundary can consider Building, Community/Neighborhood or
District Scale (COLLADO et al.,, 2019; DERKENBAEVA et al.,, 2022). When
evaluating the Building Scale, it is decided to: account for the energy produced and
consumed on site or at the source; for the renewable produced in relation to non-
renewable consumed; or by account of credits. The building can also be connected
or not to the public energy network (electricity, natural gas and district heating)
(BANDEIRAS et al., 2020; SHIRINBAKHSH; HARVEY; 2020; DERKENBAEVA et al.,
2022).
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Neighborhood scale considers that the most effective method for energy gains
involves not just a building, but a set of buildings, a community or even a
neighborhood. This area can contain buildings of similar typologies, with similar
periods and consumption loads, or different typologies (such as warehouses, office
buildings and residential buildings), with a diversity of end users and energy use
patterns, which facilitate the sharing of resources and renewable energy (LOVEDAY;
MORRISON; MARTIN, 2022). The neighborhood's energy demand includes
consumption of buildings and adjacent infrastructure such as waste and water
management, green areas, street lighting and transport (BANDEIRAS et al., 2020;
DERKENBAEVA et al., 2022). Buildings, in these cases, can optimize the production,
consumption and storage of local renewable energy (DERKENBAEVA et al., 2022).

The District Scale refers to a city (or an area larger than a block or neighborhood),
classified as: autonomous, with energy demand supplied by renewable energy
generated internally (by buildings or by a generation pole with one or more types of
renewable sources) (WELLS; RISMANCHI; AYE, 2018); dynamic, that interacts with
the local area, the neighboring areas and the power grid; and virtual, with renewable
energy systems and energy storage outside their geographic boundaries or virtual

power plants.

Energy production commonly occur in two ways: on site, in the building itself (on the
roof) or on the edge of the land (as in the parking lot coverage); or off-site, with off-
site supply of renewable energy by purchase or off-site production. In some cases,
the building may have on-site renewable energy production and use partially external
sources for remaining demands (WELLS; RISMANCHI; AYE, 2018; COLLADO et al.,
2019; BANDEIRAS et al., 2020; DERKENBAEVA et al., 2022).

Spatial variations also influence the choice of the most suitable type of renewable
source: wind energy is generally used in large areas of land located in regions with
higher wind speeds; while solar and thermal energy are chosen for areas of smaller
scale and greater incidence of solar radiation (DERKENBAEVA et al.,, 2022).
Depending on the climate and infrastructure characteristics of the generation,
transmission and distribution network, it is possible to combine more than one type of

renewable energy technology to increase flexibility and minimize the fluctuating
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properties of the system (BANDEIRAS et al., 2020; CABEZA; CHAFER, 2020;
DERKENBAEVA et al., 2022).

The main types of zero and positive energy according to the most recent references

(2006-2022) and variations of geographic limit and location of energy production are

shown in Table 1.

Table 1 — Types of Energy Balance, Geographical Limit, Location of Energy Production

Type of Energy | Definition Geographic | Energy Bibliographic
Balance al Limit Producti | Reference
on Site
Nearly Zero A highly efficient building that produces most | Building Onsite/ EPBD recast
Energy Building | of its energy from renewable sources (at Offsite 2010/31/EU apud
(nZEB) least 50% of demand), has a maximum Francés et al.(2020)
annual demand of 60 kWh/m? and maximum and Wells, Rismanchi
annual CO, emissions of 8 kg CO,/mz2. and Aye (2018);
Szalay; Z6ld (2014);
Zeiler et al. (2016)
apud Bandeiras et al.
(2020)
Zero Energy (1) A building that produces the same Building On site Torcellini et al. (2006)
Building (ZEB) amount of energy that it consumes annually apud Wells, Rismanchi
accounted on site, (2) or accounted for at and Aye (2018), Liu et
source, (3) or Zero Emissions, which al. (2019), Bandeiras et
produces an amount of renewable energy al. (2020),
equivalent to what it uses from non- Shirinbakhsh and
renewable sources (4) or Zero Energy Harvey (2021),
Costs, that receives financial credit for the Derkenbaeva et al.
energy exported in the same amount in (2022)
which it is charged in the utility bills.
Zero stand- Building that does not need to be connected | Building On site IEA (2008) apud Liu et
alone buildings to the grid and, by generating renewable al. (2019)
energy and storage, supply the energy
needs of winter and night.
Autonomous or | Building designed to be independent of Building AlIB (2010) apud Liu et
Self-Sufficient infrastructure services (electricity networks, On site al. (2019)
Building water supply, sewage treatment, rainwater,
(Autonomous telecommunications).
ZEB)
Zero Energy Grid connected building, which is energy Building On site/ Sartori et al. (2012);
Connected to efficient and capable of generating electricity Offsite Marzal et al. (2011);
the Grid or other types of energy from renewable Kolokotsa et al. (2011)
(Net ZEB) sources to supply its demand. apud Derkenbaeva et
al. (2022); USDPE
(2015) apud Bandeiras
et al. (2020)
Life Cycle Zero Building in which the primary energy used Building On site Hernandez; Kenny

Energy Building
(LC-ZEB)

and the energy embodied during its lifetime
is equal to or less than the energy produced
by its renewable energy systems over the
same period.

(2010) apud Liu et al.
(2019); Derkenbaeva
et al. (2022)
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Positive Energy | A building that produces more energy than it | Building On site IEA (2008); AlIB (2010)
Building (PEB) uses annually for heating, cooling, apud Liu et al. (2019);
ventilation, lighting and equipment and Wronowski (2013)
shares the surplus with other buildings or apud Hawila et al.
the public grid. (2022)
Positive Energy | Set of at least three nearby buildings that Community | On site/ Ahlers et al. (2019);
Block (PEB) have a positive average annual energy Offsite Back et al. (2019) apud
balance between them. Derkenbaeva et al.
(2022)
Positive Energy | Area that annually generates more electricity | Neighborho | On site Ala - Juusela et al.
Neighborhood than it consumes. od/ (2016); Monti et al.
(PEN) Neighborho (2016) apud
od Derkenbaeva et al.
(2022)
Neutral Energy District where, annually, no energy imports District/ On site/ Jablonska et al. (2012)
District (NED) or | from outside the district are required (refers City Offsite apud Derkenbaeva et
Zero Energy to self-sufficiency). al. (2022)
District (ZED)
Positive Energy | An energy efficient and flexible urban area or | District/ On site/ European Strategic
District (PED) group of connected buildings that has a zero | City Offsite Energy Technology
balance of greenhouse gas emissions and TWG (2018); JPI
actively manages the local or regional annual Urban Europe/SET
surplus production of renewable energy. Plan Action 3.2 (2020),
Lindholm et al. (2021)
apud Derkenbaeva et
al. (2022)

Source: adapted from DERKENBAEVA et al. (2022).

2.1.2 Cool Materials and Zero or Positive Energy Buildings

Cool materials can be used in two ways as a passive conditioning strategy in the
energy demand reduction stage to achieve zero or positive energy balance: in urban
areas to improve the outdoor microclimate and, consequently, reduce cooling needs
buildings (macro-micro strategy); or in the building envelope, as a direct passive
building cooling strategy, which also helps to reduce the air temperature in the urban
microclimate (micro-macro strategy) (CABEZA; GRACIA; PISELLO, 2018;

CASTALDO et al., 2018).

As an example of the first form of application, a computer simulation was performed
of the application of light-colored natural materials, high-reflectivity white coatings
and high-reflectivity asphalt pavements associated with vegetation in urban areas,
which resulted in a reduction of 1.5-2°C at maximum air temperature and
approximately 10% energy savings with cooling in a group of 4 houses in a near-zero
energy balance residential settlement in Italy (CASTALDO et al., 2018). In this
research, mainly in the summer period, the mitigation effect of the microclimate

provided by the cool materials is comparable to other solutions, such as the increase
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in the insulation of the envelope and the solar reflectivity of the roof (CASTALDO et
al., 2018). The proposed renewable energy solution was a combination of small wind
turbines and photovoltaic modules installed on the roof of the houses (occupancy of
36m? of the roof) (CASTALDO et al., 2018), which did not impair the performance of
the cool materials applied to the other areas of the roof and facades, mainly due to
the horizontality of the buildings.

The second way of applying cool materials, directly in buildings, is considered one of
the most efficient ways to improve energy efficiency in contexts of temperate or warm
climates, as exemplified in a study of the application of high reflectivity white cool tiles
in italian historic buildings, that enabled 14% energy savings with cooling (CABEZA;
GRACIA; PISELLO, 2018) and in studies in China, which allowed a reduction of
approximately 20°C in the surface temperature of the roof (TIAN et al., 2021), but
none of them mentioned the use of renewable sources in the building, inside or

outside the boundaries of the lot.

Zero or Positive Energy prioritizes passive strategies, then energy demands reduced
to the maximum that must be held by renewable energy sources. From this premise,
the use of cool materials as a resource of energy efficiency and environmental
comfort should be a priority comparing to the location of the renewable source in the
system.

Authors classify the various types of Zero and Positive Energy by the place of energy
production in a generic way: “on-site” or “off-site”, without specifying whether the
production is on the roof or on the land limits (not on the roof). In this case, it would
be possible to apply cool materials as a passive conditioning strategy in all the
definitions described, as long as the energy production is not specifically on the roof
of the building (in cases of small roof area) or that the renewable energy system
occupies only part of the roof (in the case of horizontal buildings). However, the
passive cooling effect of cool materials decreases when the area of application is
reduced. Therefore, the ideal conditions for the compatibility of the two strategies are:
on-site energy production with photovoltaic energy on the facades of the building; on-
site in the boundaries of the land with one or more types of renewable source; or off-
site with energy production by neighboring buildings as poles of renewable energy
production within the neighborhood/district or by external production.
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Among the existing cool materials, only a few were simulated in a zero or positive
energy context (light-colored natural materials, high-reflectivity asphalt coatings and

high-reflectivity white coatings).

Finally, it is noted that few studies addressed the two themes concomitantly, which is

a relevant point of research in this thesis.

Specifically for the context of public schools standardized by the FNDE, the
geographic boundary considering the building is more applicable, so that the building
can achieve a positive energy balance regardless of the neighborhood or the local
urban context. In this case, even though definitions of energy balance in districts
have been presented, they do not apply to the context of standardized Brazilian

public schools.

The system connected to the electrical grid is advisable for the Brazilian context,
since local legislation favors the exchange of energy with the grid for energy credits.
Energy production should preferably take place outside the roof, on the edge of the
land (as in the parking lot coverage). The positioning of the photovoltaic system on
the roof can be an interesting solution for small land limits, but it is important to
evaluate and ensure that the modules do not reduce the effect of supercool materials
on the roof.

2.2. Cool Materials as a Passive Strategy: State of the art of international

research

The articles shows the most consolidated definition of cool materials: those that have
high solar reflectivity and high infrared emissivity, being able to reflect incident direct
or diffuse sunlight and re-radiate the heat previously absorbed (PISELLO, 2017,
ASCIONE et al., 2018), which maintains a low surface temperature of the material
under the sun, results in less heat input into the building and less overheating of the
surrounding air (PISELLO, 2017; BANIASSADI; SAILOR; BAN-WEISS, 2019). This
means that during the day the reflectivity is the main parameter that influences
surface temperature and during the night infrared emissivity affects the surface's
ability to re-radiate heat (PISELLO, 2017). The best performing cool coatings, also
called supercool, generally have reflectivity and emissivity above 0.9 (very high as
shown in Figure 2) (PISELLO, 2017).
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Figure 2 - Solar reflectivity and emissivity scale of materials
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Source: Graphs based on Pisello (2017), Carlosena et al. (2021),
Feng et al. (2021), e Feng et al. (2022b).

The reflectivity of cool materials may involve: a) reflection only in the visible
spectrum, at lengths from 0.4 to 0.7 micrometers; b) in the near infrared, from 0.7 to
2.5 micrometers; or c) from the entire spectrum of incident solar radiation (spectral
reflectivity), at wavelengths from 0.3 to 2.5 micrometers (YUAN et al., 2018). While
infrared radiation is the largest component of the solar spectrum and is the most
influent parameter on heat gains (Ql; ZHU; ZHANG, 2018), ultraviolet radiation
represents a very narrow range, from 0.3 to 0.4 micrometers, so it has little influence
(Ql; ZHU; ZHANG, 2018; MANNI et al., 2019) and consequently is not often cited.
Emissivity is related to the re-emission of heat over a wide infrared range (broadband
emissivity), at wavelengths from 8 to 25 micrometers, or only at wavelengths from 8
to 13 micrometers (atmospheric window emissivity) (SANTAMOURIS; YUN, 2020).
The concepts of reflectivity and emissivity at each wavelength are summarized in

Figure 3.
Figure 3 - Reflectivity and Emissivity Wavelengths
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————————— Spectral Reflectivity (0,2 to 0,7 micrometers)
Visible Light Reflectivity (0,4 to 0,7 micrometers)
Near Infrared Reflectivity (0,7 to 2,5 micrometers)

—mmmm————== Broadband Emissivity (8 to 25 micrometers)

Emissivity in the Atmospheric Window (8 to 13 micrometers)

Source: adapted from Steffen, Moraes and Gama (1996).

The two key properties, reflectivity and emissivity, are sensitive to the outermost layer
of the surface exposed to solar radiation, so cool materials are called “coatings” for
surface applications (PISELLO, 2017). The variation of these two parameters
depends on factors such as the nature of the material (natural or artificial), surface
texture, color, chemical composition, type of substrate applied, thickness and quantity
of material layers (SANTAMOURIS; YUN, 2020).

2.2.1 Summary of the main types and classification of cool materials

The historical development and progress of the most important cool materials used
for cooling the built environment can be seen in Figure 4. Their cooling potential and
forms of application are shown in Figure 5.

Figure 4 - History of cool materials for cooling the built
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Source: adapted from Santamouris and Yun (2020).
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Figure 5 - Cool Materials Cooling Potential and Forms of Application
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The first generation of cool materials were the conventional light-colored natural and
artificial materials, such as light-colored gravel or marble (PISELLO, 2017). Studies
have shown that smooth, flat and reflective surfaces have a surface temperature up
to 2°C lower than similar rough and dark surfaces (SANTAMOURIS; YUN, 2020), as

shown in Figure 6. Generally, conventional high-performance materials have medium
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or high reflectivity only in the visible spectrum and broadband high emissivity
(SANTAMOURIS; YUN, 2020).

Figure 6 - Surface temperature variation according to color composition and roughness

Material samples characterized by non-uniform surface temperature distribution due to contrasts in
color compositions (a), roughness (b) and heat transfer phenomena (arrows show the direction of
incident solar radiation) (c).

Source: adapted from Santamouris and Yun (2020).

As an alternative to conventional materials, high-reflectivity white coatings were
presented, which are innovative light-colored artificial materials, with superior
reflectivity compared to natural materials, available as membranes, coatings, paints,
metallic coverings or tiles (PISELLO, 2017). These can be composed by elastomers,
silicones, fluoropolymers and acrylics* or a combination of them (SANTAMOURIS;
YUN, 2020). In studies, these materials had a surface temperature of up to 6°C
below conventional cool materials (Figure 7) (SANTAMOURIS; YUN, 2020) and
therefore can double the energy savings with cooling in hot periods (BANIASSADI,
SAILOR; BAN-WEISS, 2019) or significantly increase the energy consumption for
heating in cold periods even when associated with thermal insulation (ASCIONE et
al., 2018).

Figure 7 - Surface temperature measurement of cool pavement and conventional sidewalk
e ] 356°C
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Surface temperature of cool pavement of lime-cement plaster layer 2.5-3.0 cm thick 269°C
2°C lower than conventional pavement at noon in Acharnes, Greece.

Source: adapted from Kolokotsa et al. (2018).

‘EPDM (Ethylene-Propylene-Diene Trolimer Membrane), PVC (Poly Vinyl Chloride), CPE (Chlorated
Polyethylene), CPSE (Chlorosulfonated Polyethylene) and TPO (Thermoplastic Polyolefin)
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Such materials present high broadband emissivity and high reflectivity only in the
visible spectrum (BANIASSADI; SAILOR; BAN-WEISS, 2019), which are significantly
compromised after three to five years due to optical degradation and weathering
(SANTAMOURIS; YUN, 2020). To solve such problems, alternatives are investigated
for adding inorganic components to provide self-cleaning properties® (MOGHTADA;
SHAHROUZIANFAR; ASHIRI, 2017; SANTAMOURIS; YUN, 2020).

In order to reduce the glare caused by clear coatings and avoid de-characterization
in interventions in historic centers, colored materials with high reflectivity of near-
infrared radiation (PISELLO, 2017) have emerged through the addition of organic® or
inorganic pigments’ to mortars, concrete or other materials, contributing more
significantly to the thermoenergetic performance (SANTAMOURIS; YUN, 2020)
(YUAN et al., 2018; MANNI et al., 2019). Inorganic pigments are the most common
because they are non-toxic and have a lower cost (Figure 8) (YANG et al., 2017,
YUAN et al., 2018).

Figure 8 - Inorganic and non-toxic pigments with high near-infrared reflectance (>65%) and
solar reflectance (>53.51%)
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Source: adapted from Yang et al. (2017).

Tests of application of these pigments to fiber cement tiles proved a surface
temperature 10°C lower compared to the conventional material (PISELLO, 2017,
YANG et al., 2017; SANTAMOURIS; YUN, 2020).

Due to the potentiated cooling effect, these materials can increase the consumption
for heating buildings in climates with cold periods (SANTAMOURIS; YUN, 2020).
These have high broadband emissivity and high infrared reflectivity. Spectral
reflectivity depends on substrate reflectivity, coating thickness, surface roughness

® TiO, (Titanium Dioxide) associated with Al (Aluminium), Li (Lithium), Ba (Barium) or K (Kalium)
6Anthraquinone, Quinacridone, Phthalocyanine and Dioxazine
7Chromates, Oxides, Silicates, Borates, Sulfates, Phosphates, Metals, Vanadates
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and pigment backscattering potential. Generally, inorganic pigments have excellent
optical stability, high durability and remain stable at high temperatures, but
weathering, aging and dirt issues affect emissivity and reflectivity. Recent research
focuses on two research lines: a) the development of higher spectral reflectivity
pigments and advanced superhydrophobic coatings wich by milling or micromolding
provide self-cleaning properties (SANTAMOURIS; YUN, 2020); b) on nanopigments
and nanoparticles® which can increase mechanical strength after drying,
homogeneity of dispersion in the mixture, spectral reflectivity, self-cleaning and flame
retardancy® (QI et al., 2017; QI; ZHU; ZHANG, 2018; XIANG; ZHANG, 2018a;
XIANG; ZHANG, 2018b; MAO; YANG; ZHANG, 2019; FENG et al., 2022a)

Another solution regarding infrared radiation was the phase change materials — PCM,
which have high latent heat (LASSANDRO; TURI, 2017) and by storing and releasing
energy after a delay of up to 10 hours, it reduces its surface temperature by about
10°C under the sun when compared to conventional materials (PISELLO, 2017). Due
to the thermal delay process, PCM materials shift part of the heating and cooling
loads to hours when air temperatures are milder (LASSANDRO; TURI, 2017), but
they do not significantly avoid heat gains like other cool materials, so they are little
used for mitigation purposes (LIM, 2019; SANTAMOURIS; YUN, 2020). These
materials are classified as organic’®, inorganic'’ and eutectic*?, with variations in
thermal stability, conductivity and costs (LASSANDRO; TURI, 2017). Most of PCMs
have high reflectivity in the visible spectrum, high reflectivity of infrared radiation and
high broadband emissivity. These materials can be encapsulated and mixed with
other cool materials, mortars, concrete and asphalt, which characterizes a relatively
simple production process (PISELLO, 2017). Recent research seeks to address
deficiencies and enhance its performance, such as minimizing leakage during the
molten state, reducing aging, increasing the number of phase-change thermal cycles,
decreasing peak surface temperature and improving the integration of materials into
the mass of building components (SANTAMOURIS; YUN, 2020).

& NiTiO3 (Nickel Titanate), SrTiO3 (Strontium Titanate), TiO; (Titanium Dioxide), SiO (Silicon Dioxide), BaTiO3
(Barium Titanate) or Sh, O3 (Antimony Trioxide)

°Sh,03 (Antimony Trioxide )

1% paraffin, Fatty Acids

™ Hydrated Salt, Molten Salt, Metal

2 mixtures of organic and/or inorganic components
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Simultaneously, studies were started on retroreflective materials (SANTAMOURIS;
YUN, 2020), which have two characteristics: they are able to reflect solar radiation
back in the same direction as the incident radiation and their spectral reflectivity
decreases as the angle of incidence of radiation increases (Figure 9). This means
that they have variable spectral reflectivity, which can reach 100% when the sun's
rays are perpendicular to the surface, so retro-reflectives can reduce part of the
cooling demand with little increase in heating consumption (MAURI et al. 2018).

Figure 9 - Glass beads for retro-reflective property

Light rays entering the

glass beads are
retroroflected back -~
to the driver .

Glass Bead \ /// ;/"
> /

.

Paint Binder 5 P
\ > /
P
/- Painted Surface

Glass Bead Retroreflection

-

Source: adapted from Morini et al. (2017).

These can be applied alone or together with other cool materials and are composed
of small glass spheres or prisms, which instead of simply scattering light like
conventional or reflective materials, reflect light and send it back into space in the
same direction (Figure 10) (MORINI et al., 2017). Recent research has sought to
increase the durability (MORINI et al., 2017) and improve the behavior of these
materials to reduce solar gains during cold seasons and reduce light pollution in the
urban context (LIM, 2019).

Figure 10 - Retro-reflective coatings with glass spheres
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Cool materials can have a negative effect during cold seasons when solar gains
would be beneficial (BERARDI; GARAI; MORSELLI, 2020). Therefore, for regions of
mixed climate, composed of warm and cold periods, thermochromic materials
emerged, which, due to their reversible characteristics, can be light and reflective in
the summer or dark and absorbent in the winter (SANTAMOURIS; YUN, 2020), as
shown in Figure 11, reducing excessive heating consumption (BERARDI; GARAI;
MORSELLI, 2020). Figure 11 shows that thermochromic coatings become lighter and
more reflective as the temperature increases. The higher the percentages of pigment,

the more saturated the colors are.

Figure 11 - Inks with leuco dyes, from four different manufacturers, which show variable
reflectivity according to temperature transition
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Higher percentages of thermochromic particles led to more saturated colors.

Source: adapted from Berardi, Garai and Morselli (2020).

These materials have high spectral reflectivity and high broadband emissivity, so they
have an average surface temperature 15°C lower than conventional materials
(SANTAMOURIS; YUN, 2020). They are available in sol-gel films, plasmas, phase
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transition in liquid crystals, mechanisms of aggregation and disaggregation between
dyes and dye polymers, dyes associated with PCM, modulation of refractive index by
photonic crystals and pH variation with temperature, which can be used as photonic
flat surfaces for multi-layer materials, as an aqueous polymer solution or can be
mixed with paints, mortars and asphalts (BERARDI; GARAI;, MORSELLI, 2020;
SANTAMOURIS; YUN, 2020). Among the various possibilities, leuco dyes are the
most studied, but they are still not the most interesting option, as they present aging
problems and lose their reversibility after weeks. The most promising thermochromic
alternatives are based on quantum dots, plasmas or photonic crystals
(SANTAMOURIS; YUN, 2020).

In order to intensify the cooling effects, fluorescent materials have emerged that have
lower surface temperatures compared to common and reflective materials (up to 2°C
less than non-fluorescent materials), as they have high solar reflectance in visible
and infrared spectrum, high broadband emissivity associated with the
photoluminescence process that corroborates the results. These can be classified as
mineral photoluminescent materials (bulk) and nanoscale photoluminescent materials
(quantum dots). Bulk materials often have optical aging problems, whereas quantum
dot compounds attract a great deal of interest because of their superior fluorescent
optical properties. Recent research seeks to enhance optical effects and reduce
costs (SANTAMOURIS; YUN, 2020).

After several experimental laboratory tests and computer simulations about the cool
materials reflectivity and emissivity and their influence on buildings and urban
contexts (BANIASSADI; SAILOR; BAN-WEISS, 2019; FENG et al., 2021; FENG et
al., 2022b) it was proved that materials with high emissivity in the atmospheric
window or spectrally selective daytime radiative cooling materials — DTRC provided
better cooling results for hot and dry climates in comparison to materials with high
broadband emissivity (except in humid, polluted or cloudy regions where the results
of DTRC are compromised). These materials have high emissivity in the atmospheric
window but not necessarily high broadband emissivity (BERARDI; GARAI;
MORSELLI, 2020) and are applied as an additional layer (composed by up to four
different materials'®) to a substrate of high spectral reflectivity’* and therefore, are

B SITiO 5 (Strontium Titanate), SiO » (Silicon Dioxide) , HfO » (Hafnium Oxide), MgF » (Magnesium Fluoride), Al »
O 3 (Aluminium Oxide), PDMS (Dimethyl Polysiloxane), PMMA (Polymethylmethacrylate )
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normally used as multilayered photonic flat surfaces (as shown in Figure 12),
metamaterials photonics with two or three dimensional geometries, inks designed for
radiative cooling or polymers (MOGHTADA; SHAHROUZIANFAR; ASHIRI, 2017,
SANTAMOURIS; YUN, 2020). There is also the possibility of multilayer photonic
materials for mixed climates, through the addition of an intermediate thermochromic
film with variable solar reflectivity (SANTAMOURIS; YUN, 2020). Current researches
(2020-2022) focus on costs, forms of application, the improvement of
thermoenergetic performance and thermochromic compositions (SANTAMOURIS;
YUN, 2020). Metamaterials 2D and 3D and photonic crystals, for example, require a
very sophisticated and expensive manufacturing process, whereas inks with
microspheres can be easily manufactured and implemented (SANTAMOURIS; YUN,
2020).

Figure 12 - Experimental tests of spectrally selective multilayer silica and aluminum materials

Silica based film

Silver aluminum foil

Surface Temperature
Sensor

o Polystyrene insulated
base

Source: adapted from Feng et al. (2022a).

Table 2 shows a summary of information on the main types of cool materials,
physical properties (reflectivity and emissivity), regions studied in research, climate
context tested, forms of application and useful life in relation to optical

degradation/weathering.

YAl (Aluminium) or Ag (Silver)
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Table 2 - Summary Table of Characteristics of Cool Materials and Climatic Indication

Cool Material | Examples Physical Study climate Application Durability
Type properties Regions tested Methods/Forms
Natural Cool - Gravel High average Mediterranean | Hot and dry | - Roofs Not cited in
Materials - light marble visible spectrum | area - floors articles
reflectivity and Italy - Coatings
high broadband | Greece
emissivity Montreal
Los Angeles
Philadelphia
High - Elastomers High visible Greece Hot and dry | - Membranes 3to5
Reflectance - Silicones spectrum London - Coatings years
White - reflectivity and France - Paintings
Fluoropolymers | high broadband | Milan - Coverage
- Acrylics emissivity Pomegranate metallic
(EPDM, PVC, Portugal - Roof tiles
CPE, CPSE, Spain
TPO) Cairo
Singapore
Turkey
New York
Chicago
Washington
golden
Rio de Janeiro
Colored high- - Organic High infrared California Hot and dry | Mixing with other 3to5
infrared (anthraquinone, | reflectivity and Greece materials: years
reflectance quinacridone, high broadband | Italy - Mortar
(pigments) phthalocyanine, | emissivity UK - Concrete
dioxazine ) - Paints
- Inorganic - Coatings
(chromates,
oxides, silicates, Sol-gel thin films
borates,
sulfates,
phosphates,
metals,
vanadates)
Phase Change | - Organic High spectral southern Italy Hot and dry | Encapsulated Not cited in
Materials (paraffin, fatty reflectivity and Athens with cold materials mixed articles
(PCM) acids) high broadband nights with other
- Inorganic emissivity materials:
(hydrated salt, - Mortar
molten salt, - Concrete
metal) - Asphalt
- eutectic
(mixtures of
organic and/or
inorganic)
Retroreflective | - glass beads High spectral Athens Hot and dry | Applied Not cited in
Materials - prisms reflectivity Italy superficially to articles
(variable with Oslo cool or
solar incidence Cairo conventional
angle) materials
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thermochromic | leuco dyes high spectral Toronto Warm and | - dyes weeks
- Doped dyes reflectivity and cold mixed with (dye)
PCM high broadband periods paints,
- polymers emissivity during the mortars and
(PNIPAM) (variable with year asphalts
- quantum dots temperature) - Aqueous solution
- plasmas - Multilayer
- photonic
crystals
fluorescent Bulk (ruby) or high spectral Not cited in Hot Not cited in Not cited in
nanofluorescent | reflectivity, articles (humidity articles articles
(quantum dots: High broadband not cited in
elements of emissivity and articles)
groups Il and VI | high Fluorescent
or Il and V of Emission
the periodic
table)
Spectrally SrTiO3, Si02, high spectral Albuquerque Hot and dry | - Multilayer Not cited in
Selective HfO2, MgF2, reflectivityand Atlanta or humid - metamaterials articles
Al203, PDMS, High emissivity Chicago - paints
PMMA layer in the Houston
applied to Al or atmospheric Los Angeles
Ag substrate window Miami
Philadelphia
Phoenix
New York
Darwin
Sydney
Alice Springs
Shanghai
Cave Creek
Tempe
Seoul
San Pedro do
Atacama
Cambridge

West Lafayette

Source: authors.

Based on the evolution of the solutions presented, the most promising materials for

reducing heat island effects and energy consumption in buildings through cooling

are: a) with high spectral reflectivity and high broadband emissivity (such as materials

fluorescent or some multilayer photonic materials) for warm and humid or heavily

polluted climates; b) with high-reflectivity and high-emissivity materials in the

atmospheric window (such as DTRC) warm and dry climates and c) thermochromic

materials for mixed climates (which can be applied alone or as an intermediate layer

in multi-layer photonic materials). In cases of climates with greater daily thermal

amplitude (warm days and cold nights), phase change materials can also be

indicated.
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The ways of application are diverse, such as dyes for mixtures, with simplified
application; films or flat surfaces, which can be attached to a substrate, with relatively
simplified application; or complex structures, with a sophisticated and expensive

manufacturing process.

The durability of white high-reflectivity or colored high-infrared reflectivity coatings is
about 3 to 5 years due to weathering and optical degradation, but can be extended
by adding compounds that provide the material with self-cleaning properties. Leuco
dye-based thermochromic coatings suffer from aging problems and lose their
reversibility after weeks. The average useful life of the other materials was not
mentioned in the articles chosen by the method of systematic literature review

proposed.

The most promising cool materials have been studied in several international climate
contexts: thermochromic in mixed climates (Toronto) and spectrally selective in cold
and wet climates (Chicago), cold and dry (Darwin), mixed and dry (Albuquerque, Los
Angeles, Tempe, Sydney), mixed and wet (Philadelphia, New York, West Lafayette,
Shanghai, Seoul), warm and humid (Atlanta, Houston, Cambridge), very warm and
humid (Miami), warm and dry (Fénix, Cave Creek, S&o Pedro de Atacama, Alice
Springs (BANIASSADI; SAILOR; BAN-WEISS, 2019; FENG et al., 2021; FENG et al.,
2022b), but have not been tested in Brazil yet.

The choice of the most appropriate option for the Brazilian context must be made
based on a more detailed analysis of the different bioclimatic zones, which is done in

the following 2.3 topic.

2.3. Bioclimatic zones and passive strategies recommended for the Brazilian

context

The first Brazilian bioclimatic classification was purposed by the Brazilian normative
NBR 15220-3 (ABNT, 2005a) which divided 330 cities into 8 zones (ZBBR) based on
the Givoni Chart (Figure 13), which considers variations in absolute air humidity,
relative air humidity and dry bulb temperature. Zone 1 is the coldest and zone 8 is the

warmest.
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Figure 13 - Brazilian Bioclimatic Zoning
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Source: ABNT (2005a).

The zones with predominance of extremely high temperatures throughout the year (7
and 8) represent 66.3% of the national territory. Intermediate climates (zones 4, 5
and 6) are 20.2% and those with more significant periods of cold (zones 1, 2 and 3)
13.7%.

The normative also makes technical-constructive recommendations as an orientation
for single-family residential buildings that allow greater climatic adaptation and better
thermal performance. The guidelines address passive strategies such as adequate
size of ventilation openings, solar protection for glazing, enelope properties (walls
and roofs) and passive conditioning strategies (ABNT, 2005a), shown in Figure 14
and in Table 3.

Figure 14 - Brazilian Bioclimatic Chart
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A — artificial heating

B — passive solar heating

C - thermal mass (heating)

D — comfort (low humidity)

E — comfort

F — dehumidification (air changing)
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G + H — evaporative cooling

H + | — thermal mass (cooling)
| + J — ventilation

K — artificial cooling

L — air humidification

Source: ABNT (2005a).

Table 3 - Technical-construction recommendations for the 8 Brazilian bioclimatic zones

Number of Cities |Temperature and
Zone the  most |relative humidity Recommendations
Representative annual variation
e Medium ventilation openings;
e Solar radiation on windows in cold periods;
G e Light external walls;
1 12 3-26°C e Light insulated roof;
Caxias do Sul (RS) 40 — 100% B) Passive solar heating;
w C) Thermal mass internal walls;
A) Artificial heating in cold periods;
e Medium ventilation openings;
e Solar radiation on Windows in winter;
33 G e Light external walls;
Ponta grossa 5-32°C e Light insulated roof;
(PR) 48 - 100% S J) cross ventilation
B) Passive solar heating;
2 w C) Thermal mass internal walls;
A) Artificial heating in cold periods;
e Medium ventilation openings;
e Solar radiation on windows in winter;
G e Light reflecting external walls;
62 8 - 32°C e Lightinsulated roof;
Florianépolis 42 - 100% S J) cross ventilation
(SC) W B) Passive solar heating;
3 C) Thermal mass internal walls;
e Medium ventilation openings;
e Window shadings;
G e Thermal mass external walls;
e Lightinsulated roof;
17, _ 10 - 32°C H) Evaporative cooling;
Brasilia 40 — 100% I) Thermal mass for cooling;

4 (DF) S J) Controlled ventilation (openings
when internal temperature is
higher than outside);

W B) Passive solar heating;
C) Thermal mass internal walls;
e Medium ventilation openings;
e Window shadings;

30 13 - 34°C G e Light reflecting external wallls;
Santos 50 —100% e Light insulated roof;
S (SP) S J) cross ventilation
W C) Thermal mass internal walls;
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38
Goiania
(GO)

10 - 35°C
34 — 100%

Medium ventilation openings;
Window shadings;

Thermal mass external walls;
Light insulated roof;

H) Evaporative cooling;

I) Thermal mass for cooling;

J) Controlled ventilation (openings
when internal temperature is
higher than outside);

C) Thermal mass internal walls;

39
Picos

(P1)

0|

15 -37°C
30 — 100%

Small ventilation openings;
Window shadings;

Thermal mass external walls;
thermal mass roof;

H) Evaporative cooling;

I) Thermal mass for cooling;

J) Controlled ventilation (openings
when internal temperature is
higher than outside);

99
Belém
(PA)

18 - 37°C
50 — 100%

Large ventilation openings;
Window shadings;

Light reflecting external walls;
Light reflecting roof;

S

J) Permanent cross ventilation;
K) Artificial cooling.

G — General construction strategies; S — Summer strategies; W — Winter strategies
Source: adapted from ABNT (2005a).

The requirement of the size of ventilation openings (A) is valid for occupied or long-

stay environments and is expressed in percentage by:

(window area/floor area) x 100:

e small: 10<A<15%
e medium: 15 < A < 25%
e large: A>40%

The wall and roof properties follow the parameters of Table 4.

Table 4 - Wall and roof properties recommended by ABNT (2005a)

Thermal Heating transfer | Solar factor — SF,
Envelope transmittance —U | delay — ® (%)
part (W/m2,K) (hours)
Light Us<3.0 d<43 SF,<5.0
Walls Light reflecting U<36 ©<43 SF,<4.0
Thermal mass U<22 =265 SF,<3.5
Light insulated U<20 $<33 SF,<6.5
Roofs Light reflecting U<23.FT ©<33 SF,<6.5
Thermal mass Uu<20 =265 SF,<6.5

Source: ABNT (2005a).
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The low temperatures are predominant in Zone 1 and passive heating strategies are
indicated, as well as artificial climate control on colder days. It is suggested heat
gains by solar radiation with correct orientation of glazed areas and use of dark
colors on the facades (ABNT, 2005a).

Zone 2, with slightly higher temperatures than the previous zone, thus requires cross
ventilation for heat losses in summer, but it is also important to apply heating
strategies in the cold period, as well as those recommended for zone 1 (ABNT,
2005a).

Zone 3 has a mixed climate. In summer, it is necessary to avoid heat gains with light
walls and provide losses with cross ventilation. In winter, are recommended glazed
areas to provide heat gains and thermal mass on internal walls to maintain higher

internal temperatures.

Zone 4 is also mixed climate, but with more cooling needs throughout the year. In
addition, it is a dry climate with a wide range of temperatures in some periods. For
the summer, it is suggested to avoid heat gains by shading the windows, increase
losses with cross ventilation and reduce thermal amplitudes with partitions and

external walls with thermal mass. In winter, the solutions are the same as in zone 3.

Zone 5 has a warm climate and therefore solutions are indicated to avoid heat gains
for most of the year, such as window shading, reflecting external walls, in addition to
heat loss solutions such as cross ventilation. In winter, it is recommended to maintain

internal heat through thermal mass internal walls.

Zone 6 has high temperatures and low humidity, as well as a large daily temperature
range in some periods. It is recommended to avoid heat gains by shading the
windows, to maximize losses with controlled ventilation and evaporative cooling and
to maintain the temperature in summer and winter with thermal mass in external and

internal walls.

Zone 7 is very hot and dry, also with a large daily temperature range. Only cooling
solutions are indicated. Window shading is recommended to avoid heat gains,
thermal mass in external walls and roof associated with small window areas to
mitigate thermal amplitudes and keep internal temperatures lower, as well as

evaporative cooling and ventilation control to maximize heat losses and humidify.
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Zone 8 is very hot and humid. It is suggested to avoid heat gains with reflective walls,
window shading and potentialize losses with large openings for cross ventilation.
However, according to the normative, artificial conditioning is necessary in part of the

year.

As reported by ABNT (2005a), most zones only require passive strategies. Although
most of the Brazilian territory needs to reduce heat gains and cooling strategies to
guarantee comfort, only zone 1 and 2 need artificial heat in parts of the year and 8

needs air conditioning for artificial cooling.

ABNT (2005a) assisted in the development of several architectural projects in Brazil,
including non-residential buildings. However, the methodology proposed by the first
Brazilian zoning generated the grouping of cities with very different climates.
Therefore, Roriz (2014) suggested a new methodology that considers mean annual
temperature (TMA), mean annual amplitude (AMA), standard deviation of the monthly
mean of daily mean temperatures (dpA), standard deviation of the mean monthly
amplitude (dpT) and the altitude of the cities (ANDRADE, 2022). In this methodology,
Brazil is divided into 24 climatic groups, as shown in Figure 15. This second zoning
also became part of the Brazilian labeling system, but it has not yet been definitively

implemented in all Brazilian regulations and legislations.

Figure 15 - Classification of Brazilian climates according to Roriz (2014)

Source: adapted from Roriz (2014).
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2.4. Analysis of Applicability of Cool Materials to the Brazilian Context and

Costs of Brazilian Supercool paints

The Brazilian territory is classified into eight bioclimatic zones — ZBRs based on the
Givoni Chart, which considers variations in absolute air humidity, relative air humidity
and dry bulb temperature (ABNT, 2005a). Although this proposed zoning has
significantly contributed to the improvement of the thermal performance of popular
housing in the country, the method used resulted in climatic zones with little

homogenous, which do not accurately represent the climatic diversity (RORIZ, 2012).

A new bioclimatic zoning was suggested with 24 climate groups (RORIZ, 2012;
RORIZ, 2014), which considers minimum, average and maximum air temperature
and thermal amplitude and is currently used in the Brazilian Labeling Program — PBE
Edifica (ELETROBRAS, 2021). Although the recent proposal is more precise in terms
of temperatures, it does not consider variations in relative air humidity, which also

contribute to the comfort and influence design solutions.

The indication of the most suitable cool materials as a passive cooling as a
complement to the others passive strategies suggested by the brazilian legislation
depends on the climatic context. According to the literature review, temperature and
air humidity information must be used simultaneously, for this reason the first zoning
proposal (ABNT, 2005a) was used as a reference for the selection of most suitable

cool material for each brazilian zone.

Zones 7 and 8 are very hot, however, spectrally selective materials may have
reduced effectiveness in zone 8 due to high humidity. Zones 4, 5 and 6 have
favorable humidity and cloudiness for spectrally selective materials. Nevertheless,
due to the milder temperatures, supercool materials should be used sparingly. Zones
1, 2 and 3 have some periods with humidity above 80%. Temperatures can be high in
summer but low in winter. In such cases, high broadband emissivity thermochromic

material is recommended.

The current ABNT recommendations for passive strategies (2005a) can guide the
determination of the most suitable cool materials for each zone. Strategy A originally
refers to artificial heating, therefore, the use of cool materials is not indicated due to
the high probability of generating an increase in the consumption of heating energy.

Strategies B and C are related to passive heating, so thermochromic materials would
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be the most suitable. The combinations of temperature and humidity of the letters D
and E provide comfort, but the application of material with high spectral reflectivity
and high emissivity in the atmospheric window would be interesting to help mitigate
the heat island phenomenon. Strategies G, H, | and L address passive cooling at low
and medium humidities, therefore, the use of material with high spectral reflectivity
and high emissivity in the atmospheric window is advised. Strategy F deals with
passive cooling in humid areas, therefore, the use of materials with high spectral
reflectivity and high broadband emissivity is suggested. Strategies J and K are for
passive or active cooling for a very large variation of humidity, therefore a subdivision
was proposed, with indication of materials with high spectral reflectivity and high
emissivity of broadband for high humidity and of high spectral reflectivity and high
emissivity in the atmospheric window for medium or low humidity. The Figure 16
shows a summary of the most suitable cool materials for each region of Brazil. The
selection of each material correlates the passive strategies indicated by NBR 15220
and the following recommendations for the use of cool materials according to
international literature: 1. spectrally selective materials for cooling dominated cities
with mean annual humidity levels below 80%; 2. high broadband emissivity for
cooling dominated cities with mean annual humidity levels above 80%; 3.

thermochromic for mixed climates or heating dominated cities.

Figure 16 - Suitable cool materials according to temperature and humidity variation
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Source: adapted from ABNT (2005a).
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Then, it was possible to identify the predominant needs in each bioclimatic zone, in
order to indicate the most suitable cool materials (Table 5).

Table 5 - Bioclimatic Zones, Strategies, Predominant Needs Most suitable Cool Materials

Zone |Passive Strategies |Cited needs Most suitable cool material
(ABNT, 2005a)
1 A,Band C Winter: Artificial and Passive Heating, Thermal Mass
partitions
2 Winter: Artificial and Passive Heating, Thermal Mass
A, B,CandJ partitions Thermochromic
Summer: cross ventilation
3 B,CandJ Winter: Passive Heating, Thermal Mass partitions
Summer: cross ventilation
4 B,C,HandJ Winter: Passive Heating, Thermal Mass partitions
Summer: cross ventilation, evaporative cooling and
thermal mass for cooling
5 CandJ Winter: Thermal Mass partitions . o
Summer: cross ventilation n:gﬂ SpE(r:Tt]rizlsiSiil;lecui\rlllty and
6 C,HandJ Winter: Thermal Mas_s pfe\rt|t|ons . . Atmospheric Window
Summer: cross ventilation, evaporative cooling and
thermal mass for cooling
7 Hand J Summer: cross ventilation, evaporative cooling and
thermal mass for cooling
8 K Summer: Permanent cross ventilation and Artificial |High Spectral Reflectivity and
cooling High Broadband Emissivity

Source: authors.

Three main climatic groups and respective most suitable cool materials were
identified: for zones with a predominance of normative heating strategies (zones 1, 2
and 3), thermochromic materials were suggested; for zones with low to medium
humidity and more indications of normative cooling strategies (zones 4, 5, 6 and 7),
high spectral reflectivity and high emissivity materials in the atmospheric window
were advised; and for the high humidity city with only normative cooling
recommendation (zone 8), High Spectral Reflectivity and High Broadband Emissivity
was suggested. As applying method of cool materials in standardized Brazilian
schools, the use of paints is recommended, because of their ease of application and

maintenance.

2.5.Costs of Brazilian Supercool paints and comparison with conventional

paints

Amidst the three supercool paints suitable for the brazilian context, thermochromic
are still in the development phase due to the low durability of the color-changing

property in the current options under study, and therefore, they are not yet available
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for purchase and application in building envelopes (SANTAMOURIS; YUN, 2020).
The spectrally selective paints exhibit high emissivity at specific wavelengths
(SANTAMOURIS; YUN, 2020), information not yet disclosed in the Cool Roof Rating
Council — CRRC (CRRC, 2022a; 2022b) or any other publicly available database.
Therefore, only commercially available supercool paintings with high spectral
reflectivity and high broadband emissivity can be identified. This specific type of
supercool painting is found both nationally (ANDRADE; DORNELLES, 2023) and
internationally (CRRC 2022a; 2022b). Considering that the focus of this thesis is a
public building that should prioritize cost-effective solutions, national supercool
paintings were analized and the results of their cost are shown in Table 6.

Among the various options of Brazilian cool paintings recently investigated by
Andrade and Dornelles (2023), only one option, acrylic-based, can be characterized
as supercool, with over 90% reflectivity. This percentage is a very high value that
characterizes a highly efficient supercool material according to Pisello (2017),
Carlosena et al. (2021), Feng et al. (2021) and Feng et al. (2022b). Therefore, the
Table 6 presents the average cost of this product, collected from 7 different online
sources (4 different prices from manufacturer representatives and 3 from websites) in
January 2024, and three different types of conventional latex acrylic paints (standard,
premium and super premium) suitable for external applications (ABNT, 2021a;
2021b) in the eight different Brazilian cities studied in this thesis (PA, PI, GO, SP, DF,
SC, RJ and RS) described in the latest report of the National System of Prices and
Indices for Civil Construction — SINAPI published by in November 2023 (CAIXA
ECONOMICA FEDERAL, n/d).

Table 6 — Prices of Cool and Conventional Paints

Material Type Average Cost (R$/L) | Source

Super Cool Acrylic Paint 25.63 Mercado Livre (2024)
Termo - TO8 Brand Store (2024)
Standard Conventional Acrylic Paint 19.62 Caixa Econdmica
Premium Conventional Acrylic Paint 29.60 Federal (n/d)

Super Premium Conventional Acrylic Paint | 36.53

Source: authors.

The results indicate that nationally manufactured supercool paints have competitive
prices compared to conventional acrylic paints for external building surfaces, with the

additional advantage of optical properties that minimize heat transfer to indoor



2. LITERATURE REVIEW 64

spaces. These positive aspects makes them a favorable choice for Brazilian public
buildings in predominantly warm climates (Zones 4 to 8).

2.6.Brazilian School Building Stock: Construction and Energy Consumption

Patterns

The current built park of brazilian public schools is composed by 137,828 buildings,
84,915 urban and 52,913 rural. Of the urban schools, 604 are federal, 24,482 are
state and 59,829 are municipal (INEP, 2021), which cover students up to 15 years of
age and are distinguished mainly by size and architectural design. Generally,
municipal schools are small and medium-sized (with an average of 20 students per
class), while state schools are medium and large (with an average of 34 students per
class) (JOTA; SOUZA,; SILVA, 2017).

According to Geraldi and Ghisi (2020), school buildings also differ in terms of use,
occupation, facilities, user behavior, education level and age of the building, which
reflect a variation in energy performance. While high school buildings tend to
consume more energy than primary schools (HONG et al., 2014 apud GERALDI;
GHISI, 2020), newer buildings (which follow the most current regulations and have
more technology) have lower consumption (OUF; ISSA, 2017 apud GERALDI;
GHISI, 2020).

In addition, some schools vary due to specific characteristics that reflect on the
distribution of spaces, on period of operation and consequently on energy
consumption: "technological schools", for example, have a greater number of
laboratories, while "open schools" allow for students to study, to practice sports and
to have meals on weekends (JOTA; SOUZA; SILVA, 2017).

Of the 84,915 existing urban schools, 426 were investigated by Geraldi and Ghisi
(2020; 2022a; 2022b), through questionnaires, surveys and computer simulations
that reveals energy consumption, building size, facilities, building systems,
occupancy, routine, maintenance and occupant satisfaction with temperature, lighting

and airflow.
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This study shows that there are seven predominant shapes of construction (Figure
17): Shape E, L, H, O, U, Rectangular and Multiple Buildings (GERALDI; GHISI,
2022a; GERALDI; GHISI, 2022b).

Figure 17 - Predominant forms of public school buildings in Brazil

Rectangular

Source: Geraldi and Ghisi (2022a).

According to computer simulations and school audits, differences in the geometry of
buildings mainly influence the dynamics of self-shading. However, the results show
that solar orientation is not a relevant factor, since classrooms are concentrated in
the central part of the building and are oriented equally in all formats (GERALDI,
GHISI, 2022a).

According to the evaluation on 39 school plans in the state of Sdo Paulo by Graca,
Kowaltowski and Petreche (2007), the different formats mentioned can be presented

in 7 main types of composition (Figure 18).

Figure 18 - Types of Building Compositions

F" Type 1- Row of classrooms along a single corridor

Type 2 - Double loaded corridor plan.

? Type 3 - Two sets of type 1 classroom plan with intermediate open area
|
i)

‘ﬁ] Type 4 - Two sets of “L" shaped sequence of classrooms around open area
L

I=




2. LITERATURE REVIEW 66

i Type 5 - "U” shaped sequence of classrooms around open area.

| s

| — Type 6 - Set of *L" shaped sequence of classrooms
- Type7 — Two sets of sequence of classrooms with comdors facing a covered area
=
=

Caption

E==9 Covered Patio Area

Source: Graga, Kowaltowski and Petreche (2007).

] Corridor

[C—JClassrooms

Schools have seven typical subspaces: classrooms, library, computer cluster, office

rooms, cafeteria, restrooms and corridors. Most schools have between 5 and 15

classrooms, which are grouped together and accessed through a corridor.

Bathrooms, cafeteria and kitchen are next to each other, as well as office rooms,

library and computer cluster are usually placed together (GERALDI; GHISI, 2022a).

The average areas of each subspace can be seenin Table 7.

Table 7 - Areas of Subspaces in Brazilian Public Schools

Floor plan area (m2)

Subspace Name Shape E | Shape Shape L | Shape Shape Rec. Multiple
H 0] U Buildings

1 Classrooms 799.7 609.0 623.3 637.0 500.5 700.7 638.4

2 Library 67.8 72.0 70.0 59.5 50.1 82.0 72.0

3 Computer lab | 50.0 72.0 49.0 54.6 50.1 70.0 50.0

4 Office Rooms | 100.0 217.8 120.0 100.0 52.5 98.0 80.1

5 Aisles 240.9 597.7 317.7 260.5 109.8 318.3 146.0

6 Bathroom 44.8 38.8 68.6 58.8 58.9 89.0 103.0

7 Kitchen 51.0 87.8 42.0 74.2 60.0 83.3 80.0
Total 1354.1 1695.0 1290.6 1244.6 881.8 1441.3 1169.5

Source: adapted from Geraldi and Ghisi (2022a).

The most frequent school facilities are libraries, computer labs and cafeterias (Figure

20b).

Schools operate mainly in the morning, afternoon and evening or only morning and
afternoon (Figure 20a) (GERALDI; GHISI, 2020). Most of them were built between
1939 and 1990, before the current requirements for comfort and energy efficiency
(Figure 20c).
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Figure 19 - Characterization of the school building in terms of operating shifts (a), installations
(b) and year of construction (c)
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Source: Geraldi and Ghisi (2020).

The variation in area, number of students and energy consumption of Brazilian public
schools is described in the study by Geraldi and Ghisi (2020), based on information

from 5,321 schools present in the 27 states of Brazil (Table 8 and Figure 20).

Table 8 - Summary statistics of continuous variables

Measure Floor-plan area (m?2) Number of  students | Annual energy
(students) consumption (kWh)

Minimum value 100.00 49.00 426.00

Lower Quantile | 900.00 322.25 10,796.00

(25%)

Average (50%) 1,501.69 534.50 23,667.00

Upper Quantile | 3,065.50 817.75 42,190.00

(75%)

Standard deviation 1,785.34 342.16 22,543.57

Maximum value 7,326.37 1,569.00 98,720.00

Source: adapted from Geraldi and Ghisi (2020).

The Table 8 shows that the annual energy consumption is higher as the floor plan

area and the number of students increase.

In addition, it is possible to infer that most Brazilian public schools have a low energy
consumption, from 0 to 40 kWh/year (Figure 21a), with a predominant area of up to
2,000 m2 (Figure 21b) and generally from 0 to 700 students (Figure 21c).



2. LITERATURE REVIEW 68

Figure 20 - Histograms of continuous variables: annual energy consumption (a), floor plan area
(b) and number of students (c)
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Source: Geraldi and Ghisi (2020).

The schools are distributed unevenly in 8 Brazilian bioclimatic zones, as some areas
are more urbanized and denser (such as the State of Sdo Paulo, classified in Zones
3 and 5) than others (such as the Amazon forest, classified in the 8) (GERALDI,
GHISI, 2020).

Bioclimatic zones are established by the Brazilian Standard NBR 15,220 (2005)
based on monthly variations in temperature and relative humidity. According to the
standard, zones 1 and 2 have lower temperatures (requiring heating strategies for
parts of the year), zones 3 to 6 have intermediate temperature and humidity
combinations (easily solved with passive solutions), zone 7 is characterized by high
temperatures and zone 8 for high temperatures and high humidity (requiring artificial
conditioning for parts of the year). Zone 1, the main region with lower temperatures in

certain periods and in need of heating, represents a small portion of the Brazilian
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territory and does not show the characteristic need for cooling present in the stock of
Brazilian public schools (GERALDI; GHISI, 2020) .

The most

classifications, used

Table 9 - Climates considered in the parametric simulation in recent studies

representative cities of each zone and their respective climate
in studies of computer simulations of thermoenergetic
performance (GERALDI; GHISI, 2022a), can be observed in Table 9.

City Brazilian climate | ASHRAE classification | Lat. (°) | Long. (°) | Alt. (m) | Cooling
zone (NBR | (ASHARE 169-2013) Degree
15,220 2005a) Hours*
Curitiba (PR) 1 3A (Warm Humid) -25.43 | -49.27 924 9397
Pelotas (RS) 2 3A (Warm Humid) -31.72 | -52.33 18 18,657
Séo Paulo (SP) 3 2A (Hot Humid) -23.85 | - 46.64 792 14,172
Brasilia (DF) 4 2A (Hot Humid) -15.78 | -47.93 1,160 16,624
Santos (SP) 5 2A (Hot Humid) -23.93 | -46.32 14 40,003
Goiania (GO) 6 1A (Very Hot and Humid) -15.37 | -48.78 770 31,081
Picos (PI) 7 1A (Very Hot and Humid) -7.07 |-41.40 233 53,316
Cuiaba (MT) 8 OA (Extremely Hot and |-15.62 | -56.00 151 59,551
Humid)
Source: Geraldi and Ghisi (2022a).
Despite the different recommendations of the Brazilian normative regarding

constructive guidelines for each region, most buildings are based on a standardized
project, which reaches minimum requirements about room size, constructive
standard and comfort, for example, minimum window opening area based on floor
area, presence of natural ventilation and floor slab in all classrooms (GRACA,
KOWALTOWSKI; PETRECHE, 2007).

In the State of S&o Paulo, schools are regulated by the Foundation for the
Development of Education — FDE and specific federal and state health regulations
(FDE, 1997; SES-SP, 1994 apud GRACA; KOWALTOWSKI; PETRECHE, 2007).
These standards provides cost reduction in the acquisition of materials and
construction on a large scale and helps to solve high demand and insufficiency of
Brazilian public schools. However, in most cases, the building project development
does not include user participation, does not present environmental comfort as a
starting point, design simulations and optimizations are not carried out and post-

occupancy studies for performance evaluation are not frequent. As a reflection of
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these factors, most schools experience heat discomfort throughout the year and
especially in summer (GERALDI; GHISI, 2020), with records of more than 30°C of
ambient temperature in the afternoon (GRACA; KOWALTOWSKI; PETRECHE,
2007), harming student's health and learning ability. Therefore, this is a crucial issue
that needs to be improved in school buildings (GERALDI; GHISI, 2022b).

Due to climate variations, schools have different values of Energy Use Intensity — EUI
(GERALDI; GHISI, 2020), which can be seen in Figure 21.

Figure 21 - EUI of schools according to each bioclimatic zone in Brazil

7 Proportion of ~ Number of Average EUI
| Zone Symbology e territory Schools included (kWhistudents.
o — (%) in this research year)
[ Zone 1 . 0.8 1 90.57
= Zone 2 [ﬂ]]]] 6.4 35 58.75
i — Zone 3 6.5 161 57.70
Zone 4 2.0 28 58.98
420 Zone 5 @ 5.6 25 74.05
Zone 6 - 12.6 60 47.86
Zone 7 I]]]]]] 12.6 28 139.30
+30
Zone 8 E 53.7 81 108.89
70 60 50 0

Source: Geraldi and Ghisi (2020).

The Figure 21 shows a higher average EUI in schools located in Zones 1, 7 and 8,
probably due to greater needs for artificial internal climate control. However, none of
the schools analyzed in previous studies have a space heating system (GERALDI,;
GHISI, 2020).

More recent studies (GERALDI; GHISI, 2022b) confirm the characteristic of higher
average EUI of schools located in zones 7 and 8 (120.5 and 111.3 kWh/student.year
respectively) than those located in other bioclimatic zones (Figure 23a). In this
research, there is also an increase in thermal satisfaction in schools as the average

EUIl increases (Figure 23b), mainly due to artificial conditioning.
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Figure 22 - EUI of brazilian schools in each bioclimatic region and thermal satisfaction
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Source: Geraldi and Ghisi (2022b).

In Brazil, it is easier to obtain information on the number of students than on the built
environment, therefore, the EUI indicator based on the number of students is more
advantageous and reliable to represent the representative stock model than the one
based on plant area (GERALDI; GHISI, 2020).

Based on a study of 416 Brazilian schools, the average EUI is 72 kWh/student.year
and, in terms of planted area, 30.54 kWh/mZ2.year (GERALDI; GHISI, 2022b). These
values are low when compared to EUIs from other more developed countries, but are
similar to values from other schools in developing countries, such as the average EUI
of a reference school in South Africa, which ranges from 10 to 24 kWh/m?.year
(SAMUELS; BOOYSEN, 2019 apud GERALDI; GHISI, 2022a).

According to the results of the questionnaires applied by Geraldi and Ghisi (2020),
there is a high dissatisfaction of users in relation to temperature, especially in the
hottest months (February to April and October to December) and schools with higher
levels of satisfaction have an EUI higher average for the use of air conditioning
(Figure 23).

Annual average EUI
(kWh/student.year)



2. LITERATURE REVIEW 72

Figure 23 - EUl versus environmental satisfaction with year-round temperature in classrooms
(a) and lighting and airflow in office rooms and classrooms (b).
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Source: Geraldi and Ghisi (2020).

The variations in EUI, floor plan area, number of students and cooling capacity can
be seen in Table 10.
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Table 10 - Characteristics of Brazilian public schools

Variable Characteristics/unit Classes Average value
Very low 1.17
Low 1.50
EUI log (kWh/student/year) Medium 1.70
High 1.85
Very high 2.18
Small 734.31
Medium 1554.35
Floor plan area (m2) Great 2377.69
Super big 3705.96
Small 298
Occupation Medium 617
(Number of Students) Great 858
Super big 1211
Class 1 56.93
Cooling Capacity (BTU/h/m?) Class 2 330.62
Class 3 597.91
Class 4 1246.39

Source : adapted from Geraldi and Ghisi (2022b).

In Brazilian public schools, the most common type of air conditioning is split (47%)
(GERALDI; GHISI, 2022b) and its conditioned use happens predominantly outside
the classroom: 49% in office or secretariat rooms and 50% in libraries or laboratories.
Only 8% have air conditioning in the classrooms and 46.0% do not have any
conditioning system (GERALDI; GHISI, 2020). Air-conditioned schools have an
average annual EUI of up to 60% higher than others. The EUI varies according to
annual temperature fluctuations, but there is a drop in energy use during the summer
(January) and winter (July) vacation periods (GERALDI; GHISI, 2020). Those with
lower EUI and apparently more efficient do not adequately provide thermal comfort
conditions to users (GERALDI; GHISI, 2022b).

Currently, there is no significant use of air conditioning in Brazilian public schools, but
there is a tendency to implement this air conditioning system over time, as seen
worldwide in recent decades (ZHONG et al., 2021 apud GERALDI; GHISI, 2022a)
and even in developing countries (CHUNG; YEUNG, 2020 apud GERALDI; GHISI,
2022a). This context contradicts international guidelines for reducing energy
consumption and mitigating the effects of climate change, such as the use of passive
strategies and distributed generation of renewable energy (GERALDI; GHISI, 2022a),
which should be explored in Brazilian public schools.

Due to the low use of air conditioning, lighting is the main end use of electricity in

Brazilian public schools, as well as in similar buildings in developing countries


https://www-sciencedirect.ez54.periodicos.capes.gov.br/science/article/pii/S0306261921012678?via%3Dihub#b0400
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(SAMUELS; BOOYSEN, 2019 apud GERALDI; GHISI, 2022a). Regarding lighting in
classrooms and offices, most schools have a high level of satisfaction (GERALDI,
GHISI, 2020). However, lighting systems and equipment are inefficient, with old
equipment and lack of planning and management in the implementation of new
appliances (GERALDI; GHISI, 2022a).

The others end uses refer to computers, electronic equipment, water heating and
cafeteria equipment (JOTA; SOUZA; SILVA, 2017). 15% of schools have electric
showers, 85% do not have a water heating system and gas is used only for cooking
(GERALDI; GHISI, 2022a).

Based on a decomposition of the average EUI from a benchmarking model of
computer simulations, the typical end uses of Brazilian public schools in each

bioclimatic zone can be seen in Figure 24.

The calculation of specific consumption (CS) involves usable area, number of school
days, number of students, number of shifts, number of classrooms and number of
classes (GERALDI; GHISI, 2022a).

Figure 24 - Typical energy end uses for schools for each climate zone in Brazil. (a) End uses for
schools with high air conditioning; (b) End uses for schools with low level of air conditioning

() (b)
100% 100%
8% B9 2% p100 2205
s 8000 46% 50% 56% i 8000 35% 41% 37%
> 65% 64% S 45% 44% 430,
< 0% B% 76% 2% < (0% 1% 3006 359
2 2 32% 31%
< 40% 26% 3504 s = 40% 29% 2
= ° =1
M % 18% 3}
20% = 8 B B | 20% 47% 7% 45% 400 40%
o 17% 13% 12% 13% .
0 T T T T T T T 0% T T T T T T T "
QQ_\ %‘,.,\ c's Q\ ‘—$\ C\o\ Q\\ \S\\ Q@ Q:'; ‘s\ Q\\ \—s\ C\O\ Q\\ A\
S F NS S ST AP S o
& ch\ L & & & ¢ & & Qf\ ¥ S & . &
O A 9 D PAN (€ A \& O S N e\ (AN O
\\ e N >\ < b\ & @ \\ K \@ >‘\ P b\ & %
& QQ\' &’ & 4 & a9 \\\:' {\':" e\\v &’ «\; S ¢ 49 \\\;
WP " Ve Ve e T T Vo
Climatic Zone (representative city) Climatic Zone (representative city)
Equipment Lighting Cooling Heating Equipment Lighting Cooling Heating

Source: Geraldi and Ghisi (2022a).

It is possible to observe in Figure 26b that small and super-large schools have a
slightly larger EUI than the intermediate-sized ones. In Figure 26c¢, it can be seen that

the EUI reduces with the increase in the number of students due to residual office
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and refrigerator loads that do not depend on the size of the school or the number of
students. In addition, the increase in installed cooling capacity reflects the increase in
EUI (Figure 26d) (GERALDI ; GHISI, 2022b).

Figure 25 - Discretisation and average EUI of (a) Log EUI, (b) Floor-plan area, (c) Occupation
and (d) Cooling capacity

3.0 250.0 5,000 250.0
. = =
5 g g
g 25 200.0 4,000 2000 2
= ) = ® )
g 20 = B = [ 3
2 == /1804 150.0 & £ 3,000 "I 1500 3
g = ' T3 s T s
= 15 = =% =
& 100.0 = 22000 842 100.0 =
S 1.0 = £ 66.9 5
2 <) %

S s % = \_‘O/a f
= 50.0 & = 1,000 . 500 ¥
S 05 : 4.4 Eoie :
= 18.5 < <

s 3 288 _8 _F F%

= 5 5 & TN EQ o 9

) = - g9 Ex el 0

g > °§ 28 7k 5%

Classes of log EUI (X1) - 4 S9g

Classes of Floor-plan area (X2)
(@ (b)
2,000 250.0 2,000 250.0

g & 1,750 g
1,600 200.0 2 £ 200.0 2
= & = 1,500 =
g - = =
= = £ 1,250 £
£ 1.200 150.0Z Q 1500 2
© — - =
= 2 1,000 =
2 88.1 §, S 2
£ 800 100.0= 2 50 100.0 =
= 643 = 5 g 3
< k2 © £ 500 @
o =7) = o0
400 500 ¥ = 500 &
: ; g S 250 g
< =

)
S
(421
[\
S
w
O

@i

L =25 T &< S % @K
T2 53 oo 2o N s G
g0 = P mun, a2 4% a'\R
o o3 JF T =2 =22 z

-~ =15 = a3 CYCETY

~— - =Z & ~— — >
m\_J Nt

Classes of Occupation (X3) Classes of Cooling capacity (X6)

(9 (d)

Legend: [Variable range —o—Average EUI
Source: Geraldi and Ghisi (2022b).

The parameterizations used in energy simulation studies of the representative

building stock of Brazilian public schools are summarized in Table 11.
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However, it is noteworthy that the simulations of previous studies do not consider the
surroundings (GERALDI; GHISI, 2022a).

Table 11 - Parameters used in the simulations in previous studies

Aspect Group Medians Unit
Building size Subspace area Subspace 1: 604.0 m2
Subspace 2: 67.7
Subspace 3: 50.3
Subspace 4: 84.8
Subspace 5: 190.0
Subspace 6: 61.8
Subspace 7: 31.0
Floor height 3.0 m
Envelope Thermal Transmission 2.4 W/ m2K
(outer wall) Heat Capacity 240.0 J/I m2.K
Thermal Absorption 0.7 %
Thickness 20.0 cm
Envelope Thermal Transmission 2.4 W/ m2.K
(inner wall) Heat Capacity 240.0 J/I m2.K
Thermal Absorption 0.7 %
Thickness 20.0 cm
Envelope Thermal Transmission 2.1 W/ m2K
(roof) Heat Capacity 238.0 J/ m2K
Thermal Absorption 0.7 %
Thickness 1.3 cm
Envelope Thermal Transmission 5.7 W/ m2K
(glass) Window Material 0.8 %
Opening factor 0.5 %
Subspace 1: 0.4
Subspace 2: 0.4
Envelope Subspace 3: 0.4
(WWR) Fenestration surface Subspace 4: 0.4 %
Subspace 5: 1.0
Subspace 6: 0.2
Subspace 7: 0.2
Envelope m2
(horizontal shading) | Shading All subspaces: 0.8
Envelope Shading Subspace 1to 4: 0.4 m2
(vertical shading) Subspace 5t0 7: 0.0
Systems Loads of Electrical | Subspace 1:21.2 P/mz2
Equipment Subspace 2 : 20.7
Subspace 3:99.4
Subspace 4 : 50.5
Subspace 5t0 7: 0.0
Lighting Loads Subspace 1:12.5 P/m?
Subspace 2: 9.0
Subspace 3: 9.0
Subspace 4: 9.7
Subspace 5: 5.5
Subspace 6: 5.0
Subspace 7: 15.5
Air Conditioning Load | 68.0 %
(HVAC)
Water heater and thermal | 0.0 ww
storage
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Occupation

Density of People

Subspace 1: 0.5
Subspace 2: 4.0

People/
m2

Subspace 3t0 4: 7.0
Subspace 5t0 7: 0.0

Source: adapted from Geraldi and Ghisi (2022a).

The main aspects related to the comfort and the reach of ZEB or PEB were

summarized in form of a SWOT analysis (strengths, weaknesses, opportunities and

threats) (Table 12).

Table 12 - SWOT analysis of the current stock of brazilian school buildings

Streghts Source Weaknesses Source

Most of schools were built |Geraldi and

between 1939 and 1990, before |Ghisi (2020)

- - the current requirements for

comfort and energy efficiency.
Stan_dardlzatlon of building projects Graca, Standardized buildings does not Graca, _
provides cost and helps to solve the K . . : o Kowaltowski
! - o . owaltowski and |consider the particularities of
insufficiency of Brazilian public Petreche (2007) |each bioclimatic zone and Petreche
schools in relation to demand. ' (2007)
Brazilian public schools have a low |Geraldi and |Most schools experience heat |Geraldi and
EUI (72 kWh/student.year or 30.54 |Ghisi (2020); |discomfort throughout the year |Ghisi (2020)
kWh/mz.year) because of low |Geraldi and |and especially in summer.
presence or air conditioning. Ghisi  (2022a);

Geraldi and
Ghisi (2022b)

Most schools have a high level of |Geraldi and |Lighting systems and equipment
satisfaction regarding lighting in |Ghisi (2020) are inefficient and old, with lack |Geraldi and
classrooms and offices. of planning and management in |Ghisi (2022a)

new appliances.
Opportunities Source Threats Source
Passive conditioning strategies (as |Geraldi and |There is a tendency to implement
cool materials) and renewable |Ghisi (2022a) air conditioning system over time |Geraldi and
energy systems are strongly in brazilian public schools. Ghisi (2022a)
indicated for brazilian school
buildings.

Source: authors.

According to the information presented, public schools vary mainly by education

level, size, geometric shape, use, occupation, facilities, user behavior, bioclimatic

location and building age, which reflects in a variation in energetic performance. Most

schools were built before the current regulations on thermal performance and follow a

standardized project that can be presented in 7 different formats, with up to 7 types of

composition.

Due to the predominant characteristic of high temperatures in Brazilian territory, there

is a tendency to install air conditioning in school environments, but currently very few

schools are artificially conditioned and have significant thermal dissatisfaction in hot
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periods, therefore, passive conditioning strategies are strongly indicated for brazilian
public school buildings.

2.7. FNDE standard schools: Buildings characteristics

The National Education Development Fund — FNDE is a federal autarchy created by
law in 1969, responsible for providing technical assistance to all regions of Brazil and
implementing educational policies of the Ministry of Education — MEC to guarantee
quality public education (FNDE, n/d).

FNDE financial transfers are made through programs and agreements. The two
programs currently in force that address the construction of schools are: National
Program for Restructuring and Acquisition of Equipment for the Public School
Network of Early Childhood Education — Proinfancia and the Plan of Articulated
Actions — PAR (FNDE, n/d).

Proinfancia, created in 2007, works to improve the physical infrastructure of the early
childhood education network with the development of two activities: a) acquisition of
furniture and equipment; and b) construction of day care centers and preschools
through technical and financial assistance from the FNDE with standardized
architecture projects from the FNDE or own architecture projects prepared by the
proponents (FNDE, n/d).

PAR, also created in 2007, offers technical and financial assistance for pedagogical
actions and infrastructure development. The program covers basic education and
specifically in terms of infrastructure, it operates in the expansion, construction and
renovation of schools and school courts and in the acquisition of equipment (office,
classrooms, kitchen and air conditioning), buses, bicycles, toys, musical instruments
and furniture (FNDE, n/d).

Until 2022, the FNDE worked on the construction or renovation of 30,100 schools
throughout Brazil through Proinfancia and PAR, with 26,420 multi-sports courts,
1,706 expansions, 1,974 retrofits and 15,860 complete school constructions (FNDE,
n/d). Proinfancia focused on infant schools and PAR on elementary or high schools.

The types of complete schools can be seen in Figure 26.
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Figure 26 - Types of schools financed by the FNDE until 2022
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Source: adapted from FNDE (n/d).

The schools with 4, 6, 8 and 12 classrooms in the PAR program and types B and C
of Proinfancia, despite representing a significant portion of the stock, were
suspended and replaced by more update models. Currently there are 5 types of
complete school projects from the PAR program and 2 types from the Proinfancia
program (7 models in total) that are still available to adaptation for future
constructions. PAR schools with 1 and 2 classrooms are rectangular-shaped, those
with 5, 9 and 13 classrooms are multi-buildings and the two Proinfancia schools are
H-shaped, therefore, based on shape, schools can be summarized into 3 groups
(Figure 27 and Figure 28). These models are also differentiated by the level of
schooling, student’s age, building size and number of students served (Table 13 and
Table 14). The Proinfancia schools are infant, with students from 0 to 6 years old,
and the PAR models are intended for elementary and high school, with students from
7 to 17 years old (FNDE, n/d).

Figure 27 - Shape of FNDE schools — PAR and Proinfancia

Updated in 03/04/2023 Updated in 19/04/2022

PAR Proinfancia

2 Classrooms

Group 1 Group 2 Group 3
Rectangular Multi-buildings H Shape
1 Classroom 5 Classrooms 9 Classrooms 13 Classrooms Type 1 Type 2

Source: adapted from FNDE (n/a).
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Figure 28 - Perspectives of FNDE Schools
Group 1 Rectangular: 1 Classroom

L _!m
|III i _“ '.

Source: adapted from FNDE (n/a).

Among these architectural models of schools, those of the PAR program were the
most recently updated (03/04/2023), and among them, the rectangular shape group

is the most representative, accounting for 97% (Figure 29), and therefore, more
relevant to this study.

Figure 29 - Percentage of Rectangular and Multi-buildings Schools

3%

W Rectangular Shape (1 and 2 Classrooms) - 97%

Multi-buildings (5, 9 and 13 Classrooms) - 3%

Source: adapted from FNDE (n/d).
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Table 13 - Areas of PAR-FNDE Standard Schools

Floor plan area (m?2)
Subspace | Name 1 classroom | 2 classrooms | 5classrooms | 9 Classrooms | 13 classrooms
60 students 120 students 350 students *630 students 910 students

1 Classrooms 48.00 96.00 340.86 633.14 885.31

2 office rooms 11.70 12.60 105.71 105.71 112.76

3 kitchen 11.70 12.60 125.45 125.45 141.42

4 bathroom 6.56 8.10 93.05 108.85 140.40

5 aisles or 23.59 58.12 174.16 350.74 254.64
Courtyard

6 Library - - 91.72 91.72 91.72

7 Computer or | - - 152.14 152.14 214.06
Multiuse lab

Total Built Area 101.55 187.42 1,083. 09 1,567. 75 1,840. 31

*The areas of 9 classrooms is an average between the 1-floor option and the 2-floor option.
Source: adapted from FNDE (n/d).

Table 14 - Areas of Proinfancia-FNDE Standard Schools

Floor plan area (m?)
Subspace Name Type 1 type 2
376 children 188 children
1 Classrooms 356.24 178.12
2 office rooms | 62.13 35.4
3 kitchen 176.69 75.82
4 bathroom 110.18 75.55
5 aisles 513.09 366.05
6 Library - -
7 Computer or | 38.40 38.40
Multiuse lab
Total 1,256. 73 769.34

Source: adapted from FNDE (n/d).

PAR schools have classrooms with very similar sizes (approximately 60m2), with 30
students each per shift (morning and afternoon). Proinfancia schools have smaller
classrooms, measuring around 35m2 that can accommodate up to 20 students. The
classrooms in all models are usually positioned next to each other, have the same
solar orientation and are accessed through a covered patio or corridor. The FNDE
recommends predominantly north-south orientation to provide more comfort to users
(FNDE, n/d).

In schools with 1 and 2 classrooms, the bathrooms are next to the kitchen, just like
the models studied by Geraldi and Ghisi (2020). In other larger models, however,
there is a subdivision of the school by blocks of activity (office, classrooms, kitchen).
The schools with 5 and 9 classrooms are very similar to each other, with the same

office and cafeteria areas, differing only in the number of classrooms. The 13-
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classroom school, in addition to the largest number of classrooms, has office areas,
kitchens and multipurpose rooms that are slightly larger than the other two models.

Like PAR, Proinfancia schools are subdivided into activity blocks, but have a higher
percentage of kitchen areas than the PAR ones due to specific needs such as milk

station, breastfeeding area, linen and laundry.

All PAR and Proinfancia buildings have very similar technical and constructive
characteristics, such as envelope materials, partitions, internal and external finishes
and lighting equipment. The building materials of classrooms and their respective
thermal and physical properties are described in Table 15. The thermal transmittance
(U) data of the materials were based on Maciel et al. (2021) and in the library of
Brazilian constructive components of the Laboratory of Energy Efficiency in Buildings
— LabEEE (WEBER et al., 2017), the reflectivities (R) of the paints were based on
Dornelles (2008) and ABNT NBR 15220-2 (ABNT, 2005a). The emissivity (€) of all
materials described is 90% on average (ABNT, 2005a).

Table 15 - Building Materials — FNDE Standard schools

Building Description U (W/m2K) | R (%)
element

1 and 2 Classrooms:
- Ceramic block 9x19x39cm 2.37 60
- mortar 2.5cm each side
- paint color ice white
5,9, 13 Classrooms:

- Ceramic block 14x19x39cm 1.83 40
External walls | - mortar 2.5cm each side

- paint color light gray

Type 1 and 2:

- Ceramic block 14x19x39cm 1.83 60

- mortar 2.5cm each side

- paint color ice white
Internal walls - Ceramic block 9x19x39cm
- mortar 2.5cm each side 2.37 70
- paint color light yellow
1 and 2 Classrooms:

- Ceramic tile 2.05 35
Roof - Concrete slab 15cm

5,9, 13 Classrooms:

- Metallic thermoacoustic tile 0.32 90

(PIR filling)

- Plaster ceiling
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Internal Floor

1 and 2 Classrooms and
Type 1 and 2 (in Office):

- Ceramic floor 3cm

- mortar 2cm

- Concrete slab 10cm

3.20

40

5,9, 13 Classrooms:
- Granitine floor 2cm
- mortar 3cm

- Concrete slab 10cm

3.20

60

Type 1 and 2

(in Classroom):
- Vinyl floor 2mm
- mortar 2cm

- Concrete slab 10cm

4.61

40*

External floor

- Concrete slab 10cm

3.74

40

Glazing

- simple transparent glass
(SHGC = 89%)

5.70

* Variable depending on surface color and/or material.

Source: adapted from FNDE (n/d).

In the standardized projects, some passive strategies mentioned in ABNT (2005a)

were adopted, which avoid excessive heat gain and provide losses (Table 16).

Table 16 - Characteristics of Standard Schools in relation to ABNT parameters (2005a)

ABNT parameters 1 Class 2 Class 5 Class 9 Class 13 Class Type 1 type 2
external wall Light Light thermal thermal thermal thermal thermal
reflecting | reflecting | mass*** mass*** mass*** mass*** mass***
Internal wall Light Light Light Light Light Light Light
reflecting | reflecting | reflecting | reflecting | reflecting | reflecting reflecting
Roof light light light light light light light
insulated | insulated | insulated | insulated insulated
window shading overhang | overhang | Overhang | Overhang | Overhang | Overhang* | Overhang*
Screen Screen Screen
*sidefin *sidefin *sidefin
summer strategy *Cross *Cross *Cross *Cross *Cross Cross Cross
ventilation | ventilation | ventilation | ventilation | ventilation | ventilation ventilation
winter strategy passive passive
solar solar - - - - -
heating heating
*Only used in classrooms.
**Used in classrooms and part of office rooms.
***\Wall material meets normative thermal transmittance parameters, but does not fit in thermal mass

when considering thermal delay in hours.

Source: adapted from FNDE (n/d).

Regarding artificial air conditioning, the FNDE projects consider wall fans in occupied

rooms such as the secretariat, coordination, teacher’s room, direction, pantry,

cafeteria, library, multipurpose room and classroom. Split air conditioning equipment

is also proposed in some rooms in schools with 5, 9 and 13 classrooms (PAR) and in

schools type 1 and type 2 (Proinfancia) according to Table 17.
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Table 17 - Type of artificial conditioning system proposed by the FNDE in standardized

projects
conditioning 1 Class 2 Class 5 Class 9 Class 13 Class Type 1 type 2
type
Wall fan office office office office office office office
Classroom | Classroom | kitchen kitchen Kitchen Kitchen Kitchen
Library Library Library multiuse multiuse
multiuse multiuse multiuse Classroom | Classroom
Classroom Classroom Classroom
Split 9,000 | - - - - - secretary secretary
BTU/h and and
direction direction
Split 12,000 | - - coordinator coordinator Coord., - -
BTU/h and Direction | and Direction | Direction and
Orientation
Split 22,000 | - - Secretary Secretary multifunction | teachers teachers
BTU/h and and resources room room
multifunction | multifunction
resources resources
Split 30,000 | - - Teachers Teachers Teachers multiuse multiuse
BTU/h room, library, | room, library, | room, library,
multiuse and | multiuse and | multiuse and
classroom classroom classroom
Source: adapted from FNDE (n/d).
Lighting slightly varies between schools. Schools with 1 and 2 classrooms in the PAR
program and type 1 and 2 in Proinfancia use fluorescent lamps and the others PAR
schools use LED lamps, which are more efficient. The installed lighting power in each
school model is exposed in Table 18.
Table 18 - Installed lighting power
Subspace Installed lighting power (W)
1 Class 2 Class 5 Class 9 Class** 13 Class Type 1l type 2
Classrooms 384 768 1,395 1,987 3,627 1,728 1,080
office rooms 64 64 434 434 558 198 144
kitchen 64 64 533 533 547 864 342
bathroom 32 32 334 466.5 712 630 342
aisles 128 192 2,563* 2,868.5* 2,776* 2.072 1,476
Library - - 372 372 372 - -
Computer or | - - 465 465 651 216 216
Multiuse lab
Total 672 1,120 6,096 7,126 9,243 2,298 3,600

*Significantly higher values for multi-sport court lighting;

*Average values between school 9 classrooms on the ground floor and 2 floors.
Source: adapted from FNDE (n/d).

The consumption in kWh of lighting in schools can be easily calculated since the

powers are cited in the electrical project and artificial lighting is generally used

throughout the school's operating period (morning and afternoon from Monday to

Friday, except holiday periods). On the other hand, electrical equipments are
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mentioned in the projects but without power information, which makes it difficult to
predict energy consumption. Due to this lack of equipment information, this thesis
considers power density used in previous simulations of brazilian public schools
described in Table 19.

Table 19 - Electrical Equipment Power Density

Subspace Name Electrical Equipment Power | Source
Density (W/m2)
1 Classrooms 5.0 Lopes (2022)
2 Library 20.7
3 Computer lab 99.4
4 Office Rooms 50.5
5 Aisles 0.0 Geraldi and Ghisi
6 Bathroom 0.0 (2022a)
7 Kitchen 0.0

The information presented in this section, therefore, provides the entire database to
calculate the energy consumption and to run the thermoenergetic simulations of the
standardized schools of the FNDE.

2.8. Computer Simulation of Cool Materials

The materials evaluated in the publications can be seen in Figure 30. Seven of the
ten studies address more than one material for performance comparison (FENG et
al., 2021; CASTALDO et al., 2018; LASSANDRO; TURI; ZACCARO, 2019;
LASSANDRO; TURI, 2017, BANIASSADI; SAILOR; BAN-WEISS, 2019; ASCIONE et
al., 2018; BERARDI; GARAI; MORSELLI, 2020).

Figure 30 - Materials evaluated in computer simulations

Conventional materials (2)

6%

1% mNatural cool materials (2)

m High reflectivity white coating (10)

= Thermochromic (1)
Retroreflective coatings (1)
High-reflectivity and wide-band

emissivity material (1)
Phase change materials (PCM) (1)

Source: authors.
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White coatings of high reflectivity are the most studied. Often, these materials are

compared to conventional materials (the second most present option in the studies),

which are the most commonly found in buildings and cities today. Natural cool

materials are frequent in research, mainly because they are an option that is easily

applicable in urban environments. The other less recurrent, but no less relevant, cool
materials are more recent, used mainly after 2011 (SANTAMOURIS; YUN, 2020).

These materials were evaluated in several cities with different climatic contexts,

which can be seen in Table 20.

Table 20 - Evaluated cool materials and respective climatic contexts considered on computer

simulations
Material City Climate context Source
Retroreflective Oslo (Norway) Humid continental climate with warm | Manni et al.
coatings summers and very cold winters (2019)

Milan (ltaly)

Subtropical climate with hot and
humid summers and cold winters

Cairo (Egypt)

Climate with hot days and cool nights
year round

High reflectivity white
coating

Sydney (Australia)

Humid subtropical climate with cold
winters and mild summers

Alice
(Australia)

Springs

Climate with hot summer and cold
winter

Darwin (Australia)

Climate with similar average year-
round maximum temperature

Feng et al
(2022)

High reflectivity white

coating; High-
reflectivity and wide-
band emissivity
material

Kolkata (India)

Hot and humid tropical climate

Feng et al
(2021)

Natural cool materials;
High reflectivity white
coating

Rimni (Central Italy)

Temperate climate with hot summers
and cold winters

Castaldo et al.
(2018)

Natural cool materials; | Bari (Italy) Mediterranean temperate climate | Lassandro,
High reflectivity white with hot summers and cold winters Turi and
coating Zaccaro
(2019)
Bari (Italy) Mediterranean temperate climate

Phase change
material; High
reflectivity white
coating

with hot summers and cold winters

Athens (Greece) Temperate climate with hot, dry
summers and cold, rainy winters
Thunis (Greece) Temperate climate with hot, dry

summers and cold winters

Lassander and
Turi (2017)

High reflectivity white

Acharnes (Greece)

Climate with hot summers and dry

Kolokotsa et

coating winters al. (2018)
Albuquerque (USA) Climate with hot summer and cold
winter
Conventional material; | Atlanta (USA) Humid subtropical climate with hot | Baniassadi,
High reflectivity white summers and cold winters Sailor and
coating Chicago (USA) Continental climate with warm | Ban-Weiss

summers and cold winters

(2019)
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Houston (USA)

Humid subtropical climate with hot
summers and mild winters

Los Angeles (USA)

Subtropical climate with hot, dry
summers and cold winters

Miami (USA)

Tropical Monsoon Climate with hot
and humid summer and winter

Philadelphia (USA)

Humid Subtropical Climate with hot
and humid summers and very cold
winters

Phoenix (USA)

Tropical and Subtropical Desert
Climate with hot, dry summers and
mild, dry winters

Conventional material;
High reflectivity white
coating

Lisbon, Portugal)

Mediterranean climate with mild and
rainy winters and warm to hot, dry
summers

Ascione et al.
(2018)

Seville (Spain)

Subtropical climate with hot, dry
summers and cold winters

Naples (Italy)

Climate with slightly cold and rainy
winters and hot summers

Athens (Greece)

Temperate climate with hot, dry
summers and cold, rainy winters

Conventional material;
High reflectivity white
coating;
thermochromic

Toronto (Canada)

Temperate continental climate, with
hot and humid summers and very
cold and dry winters

Berardi, Garai
and Morselli
(2020)

Source: authors.

Only two of the 23 cities mentioned have a tropical climate (Darwin in Australia and

Calcutta in India) and no research cites the Brazilian context.

The study of the influence of cool materials only on the performance of buildings is
the most frequent, since it is present in 5 of the 10 articles (50%), followed by the
evaluation of the effect of materials on the building and in the urban context
simultaneously, representing 3 of the 10 publications (30%). Only 2 studies evaluated
the consequences of cool materials only in the urban context (20%). It is likely that
this proportion is due to the more significant results of building cooling and reduced

energy consumption when cool materials are applied directly to buildings.

As shown in Figure 31, the hypothesis of applying cool materials on the roof is the
most recurrent (42%), since they are the surfaces with the greatest exposure to solar
radiation and the least possibility of shading by neighboring buildings. The application
of these solutions on the building envelope and on pavements simultaneously is the
second most frequent solution (25%), as it allows the potentiated effect of cooling the

urban context and buildings, as well as a significant reduction in energy consumption.
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Figure 31 - Place of application of cool materials

= Roof (5)

m Walls (1)

= Roof and Walls (2)
Roof and Pavings (1)

= Buildings envelope
and pavings (3)

Source: authors.

As shown in Figure 32, the most used software for assessing the energy
performance of buildings is EnergyPlus, present in 5 of the 7 studies (LASSANDRO;
TURI, 2017; KOLOKOTSA et al., 2018; BANIASSADI; SAILOR; BAN-WEISS, 2019;
ASCIONE et al., 2018; BERARDI; GARAI; MORSELLI, 2020).

Figure 32 - Most used softwares cor computer simulations

Building computersimulation software Urban context computer simulation software

mEnergy Plus (5)
= Envimet (3)
Grasshopper, Rhinoceros,

Diva-for-Rhino (1) WRF-SLUCM (1)

u TRNSYS, Matlab (1)

Source: authors.

Lassandro and Turi (2017) used the graphical interface of DesignBuilder associated
with EnergyPlus to facilitate the development of the building model. Of the studies
focused on buildings, only Berardi, Garai and Morselli (2020) modeled and evaluated
the influence of surrounding buildings on the object of study, using the Energy
Management System (EMS) and Open Street Map tools. In this case, the adaptation

of the final weather files was performed with WeatherShift.
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As an alternative to EnergyPlus, Feng et al. (2022) also present the TRNSYS to
obtain energy balance data. Manni et al. (2019) analyzes the effects of retroreflective
materials on buildings and in the urban context. Due to the specific reflection
behavior of this type of coating, which differs from other cool materials, a combination

of three different softwares was used: Grasshopper, Rhinoceros, Diva-for-Rhino.

EnergyPlus, which is the most used software in the studies of cool materials in
buildings, stands out for dynamically solving the mass and energy balance of all
environments in a building in response to external conditions, internal loads and
occupant behavior, representing precisely heat transfer phenomena on external
surfaces (BANIASSADI; SAILOR; BAN-WEISS, 2019). However, this tool does not
allow the insertion of data on the spectral variation of emissivity of cool materials,
present mainly in spectrally selective materials, which can cause errors in the
calculation of surface temperature and sensible heat flux (BANIASSADI; SAILOR;
BAN-WEISS, 2019).

In simulations focusing on the evaluation of the cooling effects of materials in the
urban context, the most used software is Envimet (CASTALDO et al., 2018;
LASSANDRO; TURI; ZACCARO, 2019; KOLOKOTSA et al., 2018). WRF-SLUCM
was used in the studies by Feng et al. (2022) and works similarly to Envimet.

Envimet is a holistic modeling software, based on Navier-Stokes equations and fluid-
dynamic analysis (BRUSE; FLEER, 1998 apud LASSANDRO; TURI; ZACCARO,
2019) to simulate urban microclimate (TIAN et al., 2021) and surface-plant-air
interactions (LASSANDRO; TURI; ZACCARO, 2019). Envimet generally uses
simplified numerical models with low spatial resolution (BATISTA; DE LIETO
VOLLARO; ZINZI, 2021; WANG; BERARDI; AKBARI, 2015 apud TIAN et al., 2021),
but like other simulation tools, it provides data that allow comparison analysis of
different scenarios. It is also noteworthy that the scale and complexity of the urban
environment are represented in a simplified way in the simulation models, and
therefore, the validation of the simulations is essential (TOPARLAR et al., 2015 apud
TIAN et al., 2021).

In building performance simulation software (EnergyPlus and TRNSYS), the input are
climate and building data, which significantly influence heat transfers and the

building's heating and cooling demands: weather conditions (ambient temperature
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and relative humidity, solar radiation), casual heat gain (the number of occupants,
computers, equipment, lighting and air conditioning) and building characteristics
(building/conditioned area, gross wall/roof area, number of thermal zones, number of
conditioned zones, internal and external shading coefficients, reflectivity, emissivity,
absorbance and heat transfer of the envelope, internal and external convection
transfer rate and infiltration) (HUANG P.; HUANG G.; SUN, 2019; CASTALDO et al.,
2018; KOLOKOTSA et al.,, 2018; BANIASSADI; SAILOR; BAN-WEISS, 2018;
ASCIONE et al., 2018; BERARDI; GARAI; MORSELLI, 2020).

In the urban context simulation software (ENVIMET and WRF-SLUCM), the input
data are the climatic conditions, the volumetric model of the urban environment and
the properties of surface coatings (CASTALDO et al., 2018; LASSANDRO; TURI;
ZACCARO, 2019; KOLOKOTSA et al., 2018; FENG et al., 2022), which influence in

local climatic conditions.

The climate data entered in simulations are usually typical meteorological year files
(TMY) with data from official government agencies (BERARDI; GARAI, MORSELLI,
2020; BANIASSADI; SAILOR; BAN-WEISS, 2019; KOLOKOTSA et al.,, 2018).
Castaldo et al. (2018) used meteorological files based on urban context mitigation
scenarios, formatted by the Meteonorm software. Some studies perform simulations
in more than one city, with different climate configurations, for comparative analysis
(LASSANDRO; TURI, 2017; BANIASSADI; SAILOR; BAN-WEISS, 2019; ASCIONE
et al.,, 2018). Air or surface temperature measurement data can also be used as
boundary conditions in computer simulation calculations to compare measured data
and optimization of the research process (LIU; NIU; XIA, 2017 apud TIAN et al.,
2021).

The main information obtained from building simulations are energy data of buildings,
expressed in primary energy (in % or kWh/year) and energy needs for heating and
cooling (FENG et al., 2022; LASSANDRO; TURI, 2017; BANIASSADI; SAILOR,;
BAN-WEISS, 2019; ASCIONE et al., 2018; BERARDI; GARAI; MORSELLI, 2020) to
evaluate constructive strategies and verify the achievement of zero or positive energy

balance.

In urban context simulations, the output information is related to the climate context

(surface temperatures, air temperature, wind speed and direction, relative air
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humidity and pressure) (CASTALDO et al., 2018; LASSANDRO; TURI; ZACCARO,
2019; KOLOKOTSA et al., 2018; FENG et al.,, 2022), variables which influence
comfort conditions. These results allow to identify heat or cool island phenomena and
to compare intervention and mitigation solutions in the urban environment, such as
natural solutions (vegetation and water bodies) or coatings on urban surfaces (paving
and buildings).

The stages of carrying out the research are structured in a similar way in the studies:

1. Modeling of the object of study;

2. Collection and organization of information to insert into computer simulation
software;

3. Simulation of one or more scenarios;

4. Analysis of results, comparison between the baseline scenario and the
scenario with new proposals and energy performance assessment (in the case

of building studies);

Step number 1 in urban context simulations is similar in all studies, since it is
necessary to insert a file with the volumetry of the surroundings in the simulation
software. In building simulations with EnergyPlus, which is more frequent in studies, it
is only possible to entry data (KOLOKOTSA et al.,, 2018; BANIASSADI; SAILOR,;
BAN-WEISS, 2019; ASCIONE et al., 2018). A graphic modeling can be done with
DesignBuilder as an auxiliary strategy (LASSANDRO; TURI, 2017). When there is a
goal to evaluate the effects of adjacent buildings on the performance of the study
object, the surrounding is also modeled (BERARDI; GARAI;, MORSELLI, 2020).

Step number 2, collecting and organizing information, can be done virtually, using
official data (BERARDI; GARAI, MORSELLI, 2020; BANIASSADI; SAILOR; BAN-
WEISS, 2019; KOLOKOTSA et al., 2018), or it may include on-site data
measurement (TIAN et al., 2021). Data on reflectivity, emissivity and absorbance of
materials can be obtained by previous physical tests (MANNI et al., 2019; FENG et
al., 2021; BANIASSADI; SAILOR; BAN-WEISS, 2019).
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Step number 3 usually considers the simulation of the current scenario and at least 1
intervention scenario. In the intervention scenario, some parameters can be fixed
equally to the reference scenarios, to assess the impact of some specific variables on
the final results (MANNI et al., 2019; FENG et al., 2022; FENG et al.,, 2021;
LASSANDRO; TURI; ZACCARO, 2019; LASSANDRO; TURI, 2017; KOLOKOTSA et
al., 2018; BANIASSADI; SAILOR; BAN-WEISS, 2019; ASCIONE et al., 2018;
(BERARDI; GARAI, MORSELLLI, 2020).

Step number 4 may involve only the comparison between the scenarios, or it may be
complemented with other analysis: calculation of net energy cost savings ($/year)
and net avoided CO2 emission (kgCO2/year) (BANIASSADI; SAILOR; BAN-WEISS,
2019), comparison of simulation results with on-site experiment results
(KOLOKOTSA et al., 2018), assessment of comfort in buildings (CASTALDO et al.,
2018), identification of guidelines for the best intervention strategies (LASSANDRO;
TURI; ZACCARO, 2019) and future climate change impact predictions (BERARDI;
GARAI; MORSELLI, 2020).

Castaldo et al. (2018) and Kolokotsa et al. (2018) apply steps 1 to 4 first for the urban
context and then repeat the process for buildings. The prior assessment of
interventions in the urban context allows the alteration of microclimatic data and the

prior reduction of energy consumption needs for cooling the building.

The exposed publications show relevant information about the methods of computer

simulations, therefore, they are used as a methodological reference for this thesis.

2.9.Building Thermoenergetic Optimization

Building design involves not only the compatibility between nature and construction,
but also the conciliation of numerous variables that characterize the complex system
of a building (NIMLYAT; DASSAH; ALLU, 2014 apud MACIEL et al., 2021). Given
these complexities, optimizing the design and construction of buildings involves
strategies that enable the greatest possible functionality and energy efficiency
(NGUYEN et al., 2014 apud VUKADINOVIC et al., 2021)


https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
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Building energy optimization, therefore, is a methodology for finding the optimal
solution for a building (ASCIONE et al.,, 2019a; HONG; KIM; LEE, 2019; BRE;
ROMAN; FACHINOTTI, 2020; CHEN et al., 2021) according to one or more criteria
(ASCIONE et al., 2020; SALATA et al., 2020; ZHAO; DU, 2020).

Building performance optimization studies (for new or retrofit constructions) have
been widely applied worldwide, in different climatic and architectural contexts, such
as: in several cities in Italy in residential (ASCIONE et al., 2019a), commercial
(ASCIONE et al.,, 2019b) and industrial (ASCIONE et al., 2020); in Seoul, South
Korea, an East Asian monsoon climate region in a university library (HONG; KIM;
LEE, 2019); in 4 different climates in Brazil in a commercial building (ZEMERO et al.,
2019); in a city in Brazil in a school building (MACIEL et al., 2021); in six climates of
Iran in office building (NADERI et al., 2020), in 5 different cities in standardized
residential block (BAGHOOLIZADEH et al., 2021) and a typical residential building
(BAGHERI-ESEF; DEHGHAN, 2022); in Mediterranean climate in Kermanshah in
Iran in office building (GHADERIAN; VEYSI, 2021), in moderate climate of Tehran
city in residential building (BAGHERI-ESFEH; SAFIKHANI; MOTAHAR, 2020;
MOSTAFAZADEH; EIRDMOUSA; TAVAKOLAN, 2023), in single-family residential
building (TAVAKOLAN et al., 2022) and in office buildings (BAGHOOLIZADEH et al.,
2023); in Argentina in standardized residential models (BRE; ROMAN; FACHINOTTI,
2020); in hot summer Mediterranean climate in Athens Greece in office building
(GIOURI; TENPIERIK; TURRIN, 2020); 19 cities located from northern to southern
Europe in low-density residential buildings (SALATA et al., 2020); in Hohhot in China
in a high-rise office typical building (ZHAO; DU, 2020); in China in a teaching building
at a University (CHEN et al., 2021), in Qingdao in a gymnasium (YUE et al., 2021); in
Nanchang, in middle and primary school (WANG, Y.; YANG; WANG, Q., 2022); in
Hunan, in traditional buildings in a village (XIE et al., 2022); in six climate zones in
Australia in prefabricated houses (NAJU; AYE; NOGUCHI, 2021); in Ni§, Serbia, (Cfa
climate) in generic building (VUKADINOVIC et al.,, 2021) ; in Paris, France, in a
multiple social housing buildings (MERLET et al., 2022); in Assam, North-East of
India, with hot and humid summer, in a vernacular house (GUPTA; CHANDA,
BISWAS, 2023).

Table 21 presents the summary of the main information on the purpose of several

studies, software used, optimization objectives, variables and methodological steps.
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Source study Software | Objectives Variables Methodology Steps
Purpose
Ascione et al. | Design MATLAB, | Reduce primary set point 1. Building modeling
(2019a) optimization of a | DesignBui | energy temperatures, 2. Choice of variables by initial
new typical Ider and consumption , radiative and optimization
Italian EnergyPl | energy-related thermo-physical 3. Building energy simulation
residential us global cost and properties of 4. Optimization
building discomfort envelope, window | 5. Comparison of results
considering hours over type, building 6. Repetition of steps 3, 4 and 5
Four typical occupied hours orientation Synthesis of the final solution
Italian climates
Ascione et al. | Optimization of MATLAB, | Reduce annual Geometry 1. Execution of a genetic
(2019b) a typical Italian DesignBui | thermal energy (orientation, algorithm to achieve multi-
office in Milan Ider and demand, electrical | window-to-wall objective optimization of design
(north of Italy). EnergyPl | energy demand relationship), variables;
us and percentage of | HVAC (heating 2. Sampling of design scenarios
discomfort hours and cooling to find optimal combinations
over occupied setpoint between solutions;
hours temperature) and | 3. Final design solutions
envelope (thermo- recommended according to
physical different selection criteria.
properties,
window type )
Hong, Kim Optimization EnergyPl | thermal energy Variables: 1. development of the basic
and Lee of the Yonsei us consumption and | window type, energy model and building
(2019) University library life cycle heating/cooling design scenarios;
facility located in economic- set point, 2. calculation of the target
Seoul, South environmental ventilation/window variables;
Korea, an East values opening type; 3. generation of a multi-objective
Asian monsoon Constraints: optimization model using an
climate region minimum IEQ NSGA-II algorithm
level acceptance,
maximum budget
limit
Zemero et al. | Optimization of EnergyPl | find optimal Variables: 1. Formulation of the Optimization
(2019) a schematic us solutions (OSs) orientation, walls, Problem
design of a with the lowest roof, floors and 2. Definition of objectives and
commercial constructive cost | shadings, building variables;
building associated with shape 3. Building modeling;
simulated for greater energy Constraints: 4. Optimization studies;
four different efficiency physical, legal 5. Results analysis
Brazilian and financial
weathers
Ascione et al. | A tailored MATLAB, | Minimizing windows , solar 1. Energy audit and
(2020) approach to DesignBui | primary energy screens, heat characterization of the building
optimize energy | Ider and consumption and | recovery, (user analysis, collection of
retrofit of an EnergyPl | global cost optimization of architectural and energy data of
existing us HVAC operation the building);
industrial and installation of | 2. Building modeling (location,
building located photovoltaics of envelope, activity and usage
in South Italy different sizes schedule);

3. Model calibration (comparison
with real measurements,
evaluation and correction);

4. Optimization ;

Bagheri- Optimization of EnergyPl | Minimize cooling melting 1. Calculation of the values of
Esfeh, PCM layer fora | us and heating loads | temperature and objective functions and to
Safikhani residential thickness of PCM, neural network training;

and Motahar | building in thermal 2. Application of GMDH-type
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(2020) Tehran (Iran) resistance of neural network and obtaining of
with a moderate exterior walls, Pareto optimal points for
climate internal gain and objective functions;

infiltration rate 3. Determination of optimum point
by a financial analysis

Bre, Roman | Optimization of EnergyPl | optimize energy Building azimuth,

and a typical single- | us efficiency and window shading, 1. Obtaining a representative

Fachinotti family house, thermal comfort external walls .

(2020) with a typical solar absorptivity, sample of entries;
design of the doors and
massive credit Windows 2. Metamodel validation;
program infiltration rate, 3. Evaluation of compliance with
ProCreAr window ventilation the criteria and adjustment of
supported by area and samples if necessary;
the Argentine envelope 4. Optimization studies;
national materials
government.

Giouri, Testing in a DesignBui | minimizing energy | window -to-wall 1. Initial optimization simulations

Tenpierik typical high-rise, | Ider, demand (cooling, | ratio, wall and of floor-plan shape and building

and Turrin open-plan EnergyPl | heating, lighting glazing U-value, orientation;

(2020) central office us, Rhino, | and equipment), glazing g-value, 2. Envelope optimization, PV
building for the Grasshop | maximizing air-tightness of system and building systems;
hot summer per, energy production | the facade , 3. Data post processing;
Mediterranean Honeybee | (PV) and adaptive | cooling set-point 4. Optimal combination of
climate (Csa) of | and thermal comfort of the mechanical variables
Athens, Greece | Ladybug levels cooling system

and PV facade
surface area

Naderi et al. | Shadings and EnergyPl | reduction in Shading control 1. Choice of software, thermal and

(2020) control us building energy strategy and its visual comfort parameters and
strategies JEPlus + consumption and | control set-points, shading strategies;
optimization of a | EA occupant's shading location, 2. Optimization studies and
typical office thermal and visual | slat dimensions analysis of results;
room in six discomfort and material
climates of Iran specifications

Salata et Optimization of EnergyPl | minimization of glass 1. Building modeling

al.(2020) retrofitting in a us, annual energy thermophysical 2. Initial energy simulation
low-density Sketch demand, properties, 3. Application of the genetic
residential Up, Open | intervention costs, | envelope algorithm
building Studio, energy operating | transmittance and | 4. Analysis of the results of
considering Python, costs and carbon | reflection, blinds, optimal solutions
climatic Master, dioxide emitted removable solar
conditions in 19 | BASH greenhouses,
cities located and Eppy pilotis and atrium
from north to inclosing with
south of Europe glass, solar

thermal/PV
panels and their
tilt angle

Zhao and Du | Optimization of DesignBui | optimal windows Building 1. Modeling and validation of the

(2020) a typical high- Ider, and shading, orientation, building model;
rise office JEPlus + reducing energy window inside, 2. Model export in EnergyPlus
building with a EA consumption medium and format;
large window (heating, cooling outside layer 3. Download weather files;
area, located in and lighting) and material, 4. Insertion of information in
Hohhot, China discomfort hours overhangs jJEPlus + EA and operation of

installation angles crossover and mutation for
and overhangs optimal solutions.
depths

Baghoolizad | Optimization of EnergyPl | Optimize Heating and 1. Model data collection and
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eh et al. a standard us building's total cooling Set Point weather data;
(2021) residential block load (heating and | Temperature, ins | 2. Routine estimates of
(Case 600 cooling) and total | ulator thickness occupancy, costs, internal
ASHRAE) in 5 cost and type, gains and HVAC system;
different cities in geographical 3. Initial simulation and validation
Iran (Tehran, directions (comparison with other studies
Tabriz, Esfahan, in cities with similar climate);
Rasht, 4. Sensitivity analysis;
Bandarabbas) 5. Optimization Process ;
6. Choice of the optimal solution.
Chen et al. Optimization of Revit, minimizing External wall U- 1. Building energy consumption
(2021) a new teaching DesignBui | building energy value and solar simulation  (building energy
building at Ider, consumption and | absorptance , roof consumption calculation based
Huazhong EnergyPl | maximizing the U-value and solar on BIM and DB; orthogonal
University of us and indoor thermal absorptance, experiment for obtaining
Science and MATLAB | comfort external window dataset);
Technology in U-value and 2. Building energy consumption
China. window-to-wall prediction using LSSVM (data
ratio preprocessing, parameter
selection and optimization
3. NSGA-II multiobjective
optimization (simulation and
pareto-optimal solution)
Ghaderian Optimization of | SketchUp | optimize the Set-point 1. Building modeling and
and Veysi an existing ,EnergyPl | building's energy | temperature for simulation of thermal and
(2021) office building in | us, consumption and | heating and energy behavior;
Kermanshah, MATLAB | its occupant's cooling, supply 2. Validation by comparison with
Iran (Csa thermal comfort water temperature energy bills, questionnaires
Mediterranean simultaneously for heating and applied to occupants and local
climate) cooling, measurements of temperature
ventilation and and humidity;
infiltration rate, 3. Choice of variables;
heat transfer of 4. Optimization study and analysis
external roof of results.
Maciel etal. | Thermoenergeti | EnergyPl | Optimization of thickness of 1. definition of the object of study
(2021) ¢ optimization of | us, Energy use thermal insulation and its characteristics;
a school python intensity (IUE) for | of external walls 2. definition of variables and
building heating and and floor, optimization approaches;
in Brazil cooling absorptance of 3. delimitation of implementation
external walls and strategies;
roof, solar 4. Optimization simulations and
orientation analysis of results
Naji, Aye and | optimization of Daysim Optimize li ife Variables: wall, 1. Selection of Australian cities
Noguchi envelope TRNSYS | cycle cost, roof and glazing based on population and
(2021) components for | jJEPlus + thermal comfort components, climate conditions;
prefabricated EA and daylight window size, 2. Generation of weather data;
house in six Meteonor | illuminance shading factor 3. Building modeling;
climate zonesin | m Constraints: 4. Design of objectives, variables
Australia INSUL thermal/sound and constraints;
insulation, indoor | 5. Optimization simulations;
quality 6. Analysis of results
Vukadinovic | Optimization of | DesignBui | Reduce heating Window-to-wall 1. Building modeling;
etal. (2021) | the structural Ider, and cooling ratio, glazing type, | 2. Sensitivity analysis to identify
and architectural | EnergyPl | energy, increase facade wall the most influential parameters
parameters of a | us thermal comfort. constructions, in thermal comfort and energy
detached window shading. consumption for heating and
passive building cooling;
with a sunspace 3. Optimization studies;
in Ni$, Serbia, 4. Analysis of the results.

(Cfa climate )



https://www.sciencedirect.com/topics/earth-and-planetary-sciences/science-and-technology
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/science-and-technology
https://www.sciencedirect.com/topics/engineering/absorptance
https://www.sciencedirect.com/topics/engineering/lifecycle-cost
https://www.sciencedirect.com/topics/engineering/lifecycle-cost
https://www.sciencedirect.com/topics/engineering/lifecycle-cost
https://www.sciencedirect.com/topics/engineering/illuminance
https://www.sciencedirect.com/topics/engineering/illuminance
https://www.sciencedirect.com/topics/engineering/facades

2. LITERATURE REVIEW 97

Yue et al. Optimization of | EnergyPl | Optimize energy Roof and wall 1. Collection of case study

(2021) a campus us, consumption and | types, solar information and climate data;
gymnasium Eppy, thermal comfort absorptance, 2. Initial simulation and validation
(indoor multi- Python, shadings, night (comparison with measured
sport facility) in MATLAB ventilation, data);

Qingdao, China displacement 3. Choice of optimization
ventilation, air strategies and studies;
conditioning 4. Analysis of the results;
system 5. optimization process with other

variables;

Bagheri-Esef | Optimization of EnergyPl | minimizing energy | heating and 1. Collection of climatic and

and Dehghan | a typical 3-story | us consumption and | cooling setpoint, architectural data;

(2022) residential cost of insulations | thickness and 2. Building modeling;
building in and maximizing thermal 3. Initial simulation
Bandar Abbas, thermal comfort conductivity of 4. Definition of variables
Yazd, Tehran, insulations in 5. Optimization process ;

Rasht and, envelopes 6. Pareto analysis and final

Tabriz (Iran) selection of the optimal point.

Merlet et al. optimization for | EnergyPl | Optimize costs Optimization of 1. Choice of method, objectives

(2022) a retrofit of us and heating envelope (walls, and algorithms;
multiple social demand and ceilings, floors 2. Collection of information about
housing avoid overheating | and Windows): U- buildings and climate data,
buildings in mainly in summer | values, solar initial simulation of the current
located close to factor and visible state;

Paris, France transmittance 3. Choice of variables;

4. Optimization studies;
5. Choice of the best solutions;

Tavakolan et | Optimization of | MATLAB, | Optimization for Wall and roof 1. First simulation of the model

al. (2022) a single-family EnergyPl | primary energy insulation, incorporating energy auditing
residence built us, consumption and | airtightness, data;

in 1970 located DesignBui | discounted Windows glazing, | 2. Definition of variables and

in Tehran (Iran) | Ider payback period heating and parametric model,
cooling systems, 3. Formulation of objectives;
photovoltaic 4. Process Optimization;
panels (PV) 5. Selection of optimal strategies

Wang Y., Optimization of | Grasshop | Optimize lighting overhang length 1. Generation of a parametric

Yang; Wang | external shading | per, quality, artificial of the horizontal model of a classroom;

Q. (2022) system of the Rhino, lighting energy shading board, 2. Calculation of the lighting and
classroom for Radiance, | consumption, air | width of the energy performance of the
the middle and Daysim, conditioning and vertical shading integrated external shading;
primary school EnergyPl | heating energy board, building 3. Process Optimization;
in Nanchang us consumption and | orientations 4. Results analysis and synthesis
city, China visual comfort of optimal solution

Xie et al. Retrofiting of a DesignBui | Optimize energy external insulation | 1. Analysis of the current situation

(2022) Traditional Raw | Ider consumption, windows, external of buildings through field
Earth Dwellings' CO2 emissions, wall insulation research and initial simulations;
Envelope in heat balance layer, roof 2. Choice of variables
Zhushan insulation layer, 3. Optimization calculations ;
Village, Hunan, ceiling insulation 4. Analysis of the results.

China

layer
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Xue, Wang Optimization of | EnergyPl | Minimize cost and | insulation 1. Selection of a  passive
and Chen an operational us CO2 emissions thickness, window reference building and first
(2022) passive over the life cycle | type, window-to- simulation to verify energy
residential wall ratio, uses;
building in a overhang depth 2. Definition of objectives and
severe cold and building variables;
climate with orientation 3. Parametric  simulations to
hybrid establish a database of the
ventilation and relationship between the
light-dimming variables and objectives;
control 4. Optimization simulations;
5. Analysis of the results.
Baghoolizad | optimization of Sketch reduce building Control strategies | 1. Building design and initial
ehetal. Venetian blinds | Up, Open | energy and setpoints, simulation;
(2023) in office Studio, consumption and | location and 2. Choice of variables and
buildings in EnergyPl | improve thermal orientation of sensitivity analysis;
Tehran (Iran) us, and visual comfort | shading, slat 3. Optimization studies and
JEPlus + dimensions, extraction of optimal points
EA materials, hourly from the Pareto front;
slat angle 4. Analysis of results and
comparison with other studies.
Gupta, Optimization of DesignBui | Minimize CO2 window to wall 1. Collection of information about
Chanda and | a vernacular Ider, emissions and ratio, orientation, the building;
Biswas house in Assam | EnergyPl | cooling load infiltration, 2. Initial simulation and choice of
(2023) (North-East of us demand shading, walls, variables;
India, with hot roof and glazing 3. Optimization studies;
and humid type, ground floor | 4. Comparison and analysis of
summer) type results;
5. Choice of the optimal solution.
Mostafazade | Optimize energy | MATLAB, | maximize envelope 1. initial building model and
h, Eirdmousa | retrofit of EnergyPl | environmental (Windows, calibration
and residential us performance thermal insulation | 2. Definition of objectives;
Tavakolan buildings in (reducing for walls and 3. Optimization simulations;
(2023) Tehran (Iran) emission/ water floor), 4. multi -criteria decision-making
consumption), water fixtures, to find final retrofit strategies
minimize life cycle | HVAC (heating
costs and and cooling
discomfort setpoint), PV

Source: Authors.

Main objective functions and variables tested

Building energy optimization — BEO is a highly complex task that involves a huge

number of potential objective functions and design variables, as schematized in

Figure 33, which reports the main issues. The objective functions can refer to energy,
environmental, economic and/or comfort indicators (XUE; WANG; CHEN, 2022). The

design variables can be related to building geometry, envelope and energy systems
(ASCIONE et al., 2019Db).
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Figure 33 - Possible Objective functions and variables in Optimization Method
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Source: Ascione et al. (2019b).

After combining variables in pursuit of achieving the objectives, the solutions can be
standardized for all facades or individually for each part of the building according to
the climate scenario, which characterize the “harlequin buildings”. These buildings
have different constructive characteristics on each facade, such as: percentage of
openings on the facade, reflectivity, composition of opaque and transparent envelope
components and types of shading systems. The name “Arlequim”, therefore, is given
due to results of buildings with differences in color and composition (ASCIONE et al.,
2019b).

Genetic algorithm

The use of the computer allows the development of models that graphically represent
the buildings and simulate their real current behavior (in the case of existing
buildings) or future (in the planning of interventions or planning of new buildings)
(DIDONE; PEREIRA, 2010; ZALUSKI; DANTAS, 2018 apud MACIEL et al., 2021).
This method enables further experimentation and allows for greater assertiveness in

solutions to reduce energy demand in buildings.
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Building performance optimization — BPO can involve simulation triggered by the
designer as many times as necessary (XIE et al., 2022), or by the joint action of a
BPS software and a numerical optimization algorithm (BRE; ROMAN; FACHINOTTI,
2020), in which numerous computer simulations are processed automatically until the

established objectives are achieved.

Optimization studies without an algorithm are processes that demand more time and
are therefore less recurrent in the literature (in this systematic review, it was used

only by Xie et al., 2022), but they also generate satisfactory results.

Xie et al. (2022) identified optimal solutions based on the thermal balance calculated
by DesignBuilder. In this case, the passive strategies and the thickness of the
materials were individually customized and adjusted according to the needs identified
in each simulation. The proposed method allows an ordering of priority solutions (with
greater impact on the optimization results) and allows keeping as much as possible

of the original constructive model.

Over the past 20 years, a lot of engineering research has included evolutionary
computing, which is an offshoot of artificial intelligence. This technology uses
optimization algorithms, such as genetic algorithms — GA, to test various architectural
solutions and find optimal solutions quickly, with less energy simulation time
(TAVAKOLAN et al., 2022). Therefore, it has shown promise in the search for optimal
solutions to complex energy efficiency problems (BAGHERI-ESFEH; SAFIKHANI;
MOTAHAR, 2020; GHADERIAN; VEYSI 2021). The algorithms point out more
efficient solutions from non-optimized solutions, randomly combining design variables

until convergence to the optimal solutions (SALATA et al., 2020).

GA, developed by Holland in the 1970s, is based on Darwin's theory of natural
selection, nature's process of evolution and Mendel's theory of genetics (YU et al.,
2015 apud ZHAO; DU, 2020). In comparison to architecture, each design variable
represents a gene and a combination of variables constitutes a chromosome. From
the initial combinations generated arbitrarily, by random selection, crossover
operation and mutation, options are generated that are more appropriate to the
environment (or to the objective defined by the person responsible for the project),
and the combinations evolve into increasingly better ones. In this way, they keep

reproducing and evolving, and eventually converging on more suitable individuals (or
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buildings) until optimal solutions are obtained (ZHAO; DU, 2020, MERLET et al.
2022).

The Non-dominated Sorting Genetic Algorithm — NSGA, and its NSGA-II evolution
are improved variations of the basic GA (KHEIRI, 2018). They have a tournament
selection strategy, which combines the parent generation with the offspring
generation, and then produces the next generation through competition, in order to
ensure that excellent individuals are not discarded during the evolution process
(ZHAO; DU, 2020; GHADERIAN; VEYSI, 2021).

The combined platform jEplus + EA (EnergyPlus Simulation Manager for Parametrics
+ Evolutionary Algorithms) frequently used on studies is based on the EnergyPlus
software (ZHANG; KOROLIJA, 2010 apud ZHAO; DU, 2020) and provides an
effective approach to the architectural design and optimization process (ZHAO; DU,
2020). Currently, NSGA-IIl already exists, which has proven to provide improved
solutions compared to previous algorithms, as it guarantees even greater diversity of
optimal solutions (MOSTAFAZADEH; EIRDMOUSA; TAVAKOLAN, 2023).

Types of decision and criteria

A recent research by Nguyen et al. (2014 apud MOSTAFAZADEH; EIRDMOUSA,;
TAVAKOLAN, 2023) classified building optimization processes and the most cited
algorithms in the literature. According to this review, some of the most recurrent
optimization methods include genetic algorithm — GA, simulated annealing — SA,
particle swarm optimization — PSO, evolutionary algorithm — EA, artificial neural
network — ANN and other lesser known methods (MOSTAFAZADEH; EIRDMOUSA,;
TAVAKOLAN, 2023; NGUYEN et al.,, 2014 apud MOSTAFAZADEH; EIRDMOUSA,;
TAVAKOLAN, 2023). The study also reported the frequency of use of optimization
algorithms in more than 200 evaluated works: 52% used genetic algorithm, 17% used
particle swarm, 13% hybrid algorithms, 7% linear programming, 6% used Hooke-
Jeeves algorithm and other less recurrent ones were used in 5% (NGUYEN et al.,
2014 apud MOSTAFAZADEH; EIRDMOUSA; TAVAKOLAN, 2023).
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Multi/single criteria decision

The optimization can be defined by a single objective function or two or more
functions, which characterizes a multiobjective optimization (BAGHERI-ESFEH,;
SAFIKHANI; MOTAHAR, 2020). Multi-objective optimization, therefore, is a method
to optimize results and simultaneously meet objectives that are often conflicting
(BAGHERI-ESEF; DEHGHAN, 2022). The most common conflicting objectives are
minimization of energy consumption, investment, operational cost, overall cost,

polluting emissions and thermal discomfort (ASCIONE et al., 2020).

Optimization objectives can be explicit, such as reducing the annual energy
requirement, or implicit, such as reducing emissions or costs (SHI et al., 2016 apud
VUKADINOVIC et al., 2021).

The optimal single-objective optimization solution is unigue. On the other hand, the
objective functions of multiobjective optimization generate a set of solutions that are
not superior to each other, called the Pareto front (BAGHERI-ESEF; DEHGHAN,
2022), which allows the algorithm to optimize all objectives simultaneously and
provide a set of non-dominant optimal solutions (NADERI et al., 2020; ZHAO; DU,
2020).

A Pareto optimum is found by applying the theory of Pareto efficiency (GHADERIAN;
VEYSI 2021) and is reached when any attempt to improve a variable worsens the
other parameters (SALATA et al., 2020; GHADERIAN; VEYSI 2021). In this case, the
problem solution is not a single optimal design, but a set of Pareto optimal solutions
that constitute the so-called Pareto front (BRE; ROMAN; FACHINOTTI, 2020; CHEN
et al.,, 2021; GHADERIAN; VEYSI 2021; MACIEL et al., 2021). In the presence of
only two objectives, this front can be represented as a curve (BRE; ROMAN;
FACHINOTTI, 2020), as shown in Figure 34. The total set of Pareto optimal solutions
is obtained when the descendant generation reaches the maximum number of
generations (CHEN et al., 2021).
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Figure 34 - Pareto front curve
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Source: Bre, Roman and Fachinotti (2020).
After the optimization algorithm has reached the final Pareto front, a decision strategy
must be adopted to choose the final optimal solution. This decision depends on the

order of importance of the objective functions and the evaluation of the person
responsible for the project (GHADERIAN; VEYSI 2021).

The best known multicriteria decision making approach is the weighted sum method
— WSM in which different weighting coefficients are assigned to each objective,
according to the needs identified by the designers (DELGARM et al., 2016 apud
ZHAO; DU, 2020).

Most recurrent methodology steps and softwares

The optimization process of a building involves three main stages: preparation,
optimization simulations and the final stage (NGUYEN et al., 2014 apud
VUKADINOVIC et al., 2021; MACIEL et al., 2021) as detailed below:

Step 1: Preparation
The preparation step involves:

1.1.Collection of climate information: weather data and in some cases local
climate measurements for calibration of simulations (BAGHOOLIZADEH
et al.,, 2021, YUE et al., 2021; BAGHERI-ESEF;, DEHGHAN, 2022;
MERLET et al., 2022);


https://www.sciencedirect.com/science/article/pii/S0038092X20305892#b0060
https://www.sciencedirect.com/topics/engineering/optimisation-procedure
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120

1.2.

1.3.

1.4.

1.5.
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Collection of building information: envelope characteristics, building
materials and respective thermal and optical properties, lighting load, air
conditioning and equipment, occupancy schedule. In some cases, energy
audits are carried out in the building for calibration (ASCIONE et al., 2020;
BRE; ROMAN; FACHINOTTI, 2020; GHADERIAN; VEYSI, 2021; YUE et
al., 2021; BAGHERI-ESEF; DEHGHAN, 2022; MERLET et al., 2022;
TAVAKOLA et al., 2022; XIE et al., 2022);

Modeling of the building. Some researchers have adopted Sketch Up
(SALATA et al., 2020; GHADERIAN; VEISY, 2021; BAGHOOLIZADEH et
al., 2023) or Revit (CHEN et al., 2021) or Rhino (GIOURI; TENPIERIK;
TURRIN, 2020; WANG, Y.; YANG; WANG, Q., 2022) as a modeling tool
and facilitator of information collection for input in performance simulation
software, others have adopted DesignBuilder, which is a user-friendly
graphical interface software for subsequent simulation with EnergyPlus
(ASCIONE et al., 2019a; ASCIONE et al., 2019b; ASCIONE et al., 2020;
GIOURI; TENPIERIK; TURRIN, 2020; VUKADINOVIC et al.,, 2021;
TAVAKOLAN et al., 2022; XIE et al., 2022; GUPTA; CHANDA; BISWAS,
2023);

Definition of key points: performance problem, objective function, the
variables to be combined in the optimization process, scenarios to be
evaluated, simulation software and, in cases of optimization made by
computational algorithms, the selection of the most suitable algorithm. The
variables can be chosen by a pilot simulation of the building (ASCIONE et
al., 2019a; ASCIONE et al, 2019b) or by sensitivity analysis
(BAGHOOLIZADEH et al., 2021; VUKADINOVIC et al, 2021,
BAGHOOLIZADEH et al., 2023);

Pilot simulation of thermoenergetic or lighting performance with one or
more softwares: EnergyPlus, used in all articles in the systematic literature
review, Honeybee (GIOURI; TENPIERIK; TURRIN, 2020), Daysim (NAJI;
AYE; NOGUCHI, 2021; WANG , Y.; YANG; WANG, Q., 2022), Radiance
(WANG, Y.; YANG; WANG, Q., 2022) and TRNSYS (NAJIl; AYE;

NOGUCHI, 2021). There are also some options to be used in an auxiliary
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way: Open Studio (SALATA et al., 2020; BAGHOOLIZADEH et al., 2023),
Master, BASH (SALATA et al., 2020), Eppy (SALATA et al., 2020; YUE et
al., 2021), Python (SALATA et al., 2020; MACIEL et al., 2021; YUE et al.,
2021), MATLAB (ASCIONE et al.,, 2019a; ASCIONE et al., 2019b;
ASCIONE et al., 2020; CHEN et al., 2021 ; GHADERIAN; VEISY, 2021;
YUE et al, 2021; TAVAKOLAN et al, 2022; MOSTAFAZADEH;
EIRDMOUSA; TAVAKOLAN, 2023), Meteonorm and INSUL (NAJI; AYE;
NOGUCHI, 2021), Ladybug (GIOURI; TENPIERIK; TURRIN , 2020),
Grasshopper (GIOURI; TENPIERIK; TURRIN, 2020; WANG, Y.; YANG;
WANG, Q., 2022). The pilot simulation can happen before or after defining
key points;

Step 2: Optimization simulations

In this step, the reach or proximity to the objective function is verified through
computer simulations, the duration of the simulations is monitored and possible
errors in the procedure are detected and corrected (NGUYEN et al., 2014 apud
VUKADINOVIC et al., 2021).

Stage 3: Final stage

The third stage consists of presenting, interpreting and comparing the results
(NGUYEN et al., 2014 apud VUKADINOVIC et al., 2021; MACIEL et al., 2021), as
well as choosing the best solution for the objectives (in cases of multiobjective
analysis in which it is necessary to choose one among the several optimal solutions

obtained of the Pareto front).
Discussion of the systematic review

The most evaluated regions with optimization processes were cities in Iran, China
and Europe, which do not have typical tropical climates. Brazil, a country with a
predominance of hot climates, had only one climate type tested, among the 8 existing

types, according to the Brazilian Bioclimatic Zoning.


https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
https://www.sciencedirect.com/science/article/pii/S0038092X21005648#b0120
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The three main stages that involve the optimization process appear in all
publications, even with different objects of study, objectives, variables and software.

Only one (XIE et al., 2022) of the 27 studies did not use an algorithm for the
optimization process, but presented efficient solutions with greater preservation of the
original design compared to other studies. Different from the others, this method
without algorithm also allowed, from the first simulations, the verification of priority
and more effective alterations to reach the optimal solution.

2.10. Thermal Resilience and Passive Survivability in Buildings

2.10.1. Definitions of Thermal Resilience and Passive Survivability in Buildings

Over the years, the concept of resilience, widely applied in disaster risk management
(ZHANG et al., 2021), has been adapted across various scientific disciplines
(KRELLING et al.,, 2023; ISMAIL; OUAHRANI; TOUMA, 2023). It consistently
advocates for a system and its component’s ability to predict, absorb, adapt or
efficiently recover from the impacts of a hazardous event, ensuring the preservation,

restoration or enhancement of essential structures and functions (ATTIA et al., 2021).

In the context of buildings, this concept, initially mentioned in the LEED scoring
system as passive survivability (HONG et al., 2023) and mentioned in studies by the
International Energy Agency — IEA (ATTIA et al., 2021), still lacks a single definition
(SIU et al., 2023; SERDAR, MACAULEY; AL-GHAMDI, 2022). The resilient building
is often understood as one with the ability to meet occupant’s needs, ensuring safe,
stable and comfortable use in response to external condition changes (MEHMOOD et
al., 2022; SENGUPTA et al., 2023a). It can also be described as capable of resisting
continuous and unpredictable changes, preserving essential thermal conditions,
recovering from failures within reasonable time and cost (ISMAIL; OUAHRANI,;
TOUMA, 2023; JI et al., 2023), or resisting extreme and progressive changes in its
environment (such as electrical failures, earthquakes, climate changes, heatwaves,
fires, floods, soil instability) (ISMAIL; OUAHRANI; TOUMA, 2023).

According to Attia et al. (2021), a building's resilience against overheating and power

disruptions involves stages of vulnerability, resistance, robustness and recovery
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(HONG et al., 2023; KRELLING et al., 2023), protecting humans from the external

environment (ZHANG et al., 2021) and providing safe thermal conditions in case of

power outages (ATTIA et al., 2021). In other words, a resilient building is one that can

prepare, resist, recover quickly and adapt to significant disturbances due to extreme
weather conditions (FLORES-LARSEN, FILIPPIN AND BRE, 2023). Krelling et al.

(2023) provide further explanations about each of these stages:

During the design phase, a vulnerability assessment considers potential
risks;

The resistance stage involves enduring various weather conditions using
design features to avert critical thermal issues;

The robustness stage arises when these features fail;

In the recovery stage, a robust building can adapt and endure critical

conditions post-failure, showcasing its capacity for recovery.

Table 22, adapted from Krelling et al. (2023), summarizes the main characteristics

that can be identified or enhanced in resilient buildings. Among these features, those

highlighted in bold are explored in this thesis.

Table 22 - Main Characteristics of Resilient Buildings

Characteristic Definition Source

Vulnerability The inherent characteristics that make the building | UN (2021); Miller et al. (2021); Attia
susceptible to negative impacts, such as the sensitivity of | et al. (2021); 1SO (2009); 1SO
indoor comfort conditions in buildings to disruptions. (2029)

Adaptability The ability to adapt to potential damage and seize | UN (2021); Miller et al. (2021);

opportunities, focusing on anticipated future changes. This
reflects the capacity of actors to influence resilience
through proactive strategies aimed at protecting the
system.

Folke et al. (2010); Clarke; Kuipers;
Roos (2019); Grafakos et al.
(2020); UN (2012); Pasimeni et al.
(2019)

Transformability

The capability to rectify vulnerabilities when the current
system becomes unviable, even through modifications to
its fundamental attributes.

Silva; Kernaghan; Luque (2012);
Folke et al. (2010); Clarke; Kuipers;
Roos (2019); UN (2012); Walker et
al. (2004); Privitera et al. (2018)

Learning capacity

The skill to extract insights from prior experiences and
setbacks, facilitating adaptation, restructuring and
readiness for future decisions, uncertainties and surprises.

Silva; Kernaghan; Luque (2012);
Folke et al. (2010); UN (2012)

Dependency
local ecosystems)

(on

Resilient urban systems prioritize essential assets for well-
being, ensuring access and quality, recognizing the value
of local ecosystems (green and blue infrastructure) and
taking steps to enhance their health and stability.

Silva; Kernaghan; Luque (2012)

Mitigation (to | Human actions aimed at decreasing emissions or | UN (2021)
climate change) bolstering the absorption of greenhouse gases.
Resistance The capacity to preserve original conditions and prevent | Attia et al. (2021); Walker et al.

disturbances from causing significant impacts.

(2004); Adger (2000)
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Safe
failure/Robustness

The capacity to absorb shocks and gradual challenges,
preventing catastrophic failure if certain thresholds are
surpassed. Some authors also describe Robustness as
Resistance.

Silva; Kernaghan; Luque (2012);
Moazami; Carlucci; Geving (2019);
Attia et al. (2021);

Responsiveness/
Recovery

The capacity to restructure, restore functionality and
establish a sense of order after a setback.

Silva; Kernaghan; Luque (2012)

Flexibility

The capacity to adapt, evolve and implement alternative

Silva; Kernaghan; Luque (2012)

strategies, whether in the short or long term, in response
to changing conditions.

Smartness

Contribution to sustainable development and resilience
with well-infformed decision-making focusing on both
short- and long-term perspectives. It requires a holistic
approach and innovative use of techniques and
technologies. Smartness is evaluated based on
technologically implementable solutions that enhance
performance.

ISO (2016)

Diversity

The capacity to react to disruptions through a variety of
responses.

Redundancy

The existence of elements, strategies, or participants
capable of compensating for each other in the event of
disruptions. Redundancy entails costs in terms of
investment and performance that necessitate careful
assessment.

Anderies (2014); Biggs et
(2012);  Stevenson;

Narozny; Chatterton (2016)

Modularity

Modularity offers a system various functional modules that
can develop somewhat autonomously. These modules
may have a loose connection by design, preventing the
failure of one module from significantly impacting the
others.

Anderies (2014);

Source: adapted from Krelling et al. (2023).

2.10.2.
Classification and Analysis Metrics

Building Thermal Resilience and Passive Survivability Performance

The quantitative assessment of building resilience in extreme weather conditions
helps identify the capacity of a construction system to withstand disturbances and
recover from extreme events (JI et al., 2023). Considering the main stages of building
thermal resilience, the capacity for resistance, robustness and recovery can be
assessed through computational simulations, metrics and performance indicators that
measure responses to risks and hazards related to internal thermal conditions. These
include key indicators describing
(KRELLING et al., 2023).

intensity, frequency, duration and severity

However, similar to the definition of resilience, researchers and practitioners have not
yet reached a consensus on suitable modeling methods, performance metrics and
indicators for analyzing building thermal resilience to inform decision-making (HONG
et al., 2023). In this context, the building's resistivity to climate change, indoor

overheating risk and other resilience characteristics are generally evaluated by one

Anderies (2014); Biggs et al. (2012)
Silva; Kernaghan; Luque (2012);

Barboska-
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or more indicators (FLORES-LARSEN; FILIPPIN; BRE, 2023; KRELLING et al.,
2023; HONG et al., 2023).

Internal thermal conditions can typically be assessed using dry bulb temperature —
DBT, operative temperature (which incorporates DBT and mean radiant
temperature), or standard effective temperature — SET, the most complex,
comprehensive and recommended metric for thermal performance evaluation (JI et
al., 2023; KRELLING et al., 2023; HONG et al., 2023; ISMAIL; OUAHRANI; TOUMA,
2023; TAVAKOLI et al.,, 2022). SET considers internal air velocity, humidity,
occupants' metabolic rate and clothing insulation, calculated in simulations with
EnergyPlus or Design Builder (JI et al., 2023; KRELLING et al., 2023; SIU et al.,
2023) and is used as the thermal comfort standard by ASHRAE 55 (HONG et al.,
2023). Regarding thermal comfort, Predicted Mean Vote (PMV) and Predicted
Percentage of Dissatisfied (PPD) have also been widely used (HONG et al., 2023).

The Standard Effective Temperature — SET, recommended by authors as the most
suitable metric for building thermal performance, is a rational thermal stress index
based on the two-node physiological model. It is defined as the air temperature of a
hypothetical standard environment with 50% relative humidity, air velocity <0.1 m/s
and mean radiant temperature equal to the air temperature. This ensures that the
total heat loss from the skin of an imaginary occupant with an activity level of 1.0
MET and clothing insulation of 0.6 CLO is equal to that lost by a real occupant in the
actual environment with real clothing and activity level (JI et al., 2023; ISMAIL;
OUAHRANI; TOUMA, 2023).

Thermal stress is commonly measured by Heat Index — HI, Humidex, Wet-Bulb
Globe Temperature — WBGT, or the rate of change in Indoor Overheating Degree —
IOD related to the indoor environment, with an increasing Ambient Warmness
Degree — AWD related to the external environment. Alternatively, the Overheating
Escalation Factor can be calculated for long (annual/monthly) or short (weekly/daily)
periods (HONG et al., 2023; KRELLING et al., 2023; FLORES-LARSEN; FILIPPIN;
BRE, 2023).

According to Sengupta et al. (2023b), these metrics and indices can be used to

classify thermal performance into Thermal Autonomy — TA or Passive Autonomy,
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represented by the percentage of occupied hours where internal operational
temperature remains within thermal comfort limits without the intervention of active
systems (LEVITT et al.,, 2013). Passive Survivability Capacity (summer) or Heat
Survivability refers to the period of thermal habitability, in hours, where the internal
operational temperature remains within an acceptable thermal stress range, with high
temperatures posing intermediate health risks. Recovery capacity is the speed at
which the building and system return to normal functions, representing the time
required to recover thermal comfort temperature after reaching the building's
maximum temperature (ZHANG et al., 2021; ISMAIL; OUAHRANI; TOUMA, 2023;
SIU et al., 2023).

Many studies assess the frequency of each building thermal performance phase or
each level of the heat index scale, measured in hours or percentage, within a specific
evaluation period and typically use bar or scatter plots to represent this data (SIU et
al., 2023; ISMAIL; OUAHRANI; TOUMA, 2023; HONG et al., 2023):

e Thermal Autonomy (Passive Autonomy): Percentage of time during which
natural conditioning provides thermal conditions that offer comfort to
occupants;

e Passive Survivability: Indicates the period of comfortable and uncomfortable
but still safe hours before the critical temperature is reached, combining
analyses for summer and winter;

e Critical Exceedance Time (Dangerous Cold or Heat): The period during
which the critical thermal stress limit is surpassed, when there is a high health
risk rather than a range of uncomfortable temperatures and the building
becomes uninhabitable;

e Active Survivability: Indicates the time during which an active system, such

as a battery, can maintain its critical operations.

These classifications can be seen as deformation phases (TAVAKOLI et al., 2022).
The passive survivability (summer) or heat survivability is seen as an elastic
deformation, suggesting that the building is resilient and can recover from the
disturbance event. Once the internal operational temperature exceeds an acceptable
limit, representing conditions of extreme thermal stress and danger to occupant’'s

health, it is considered a plastic deformation, a condition where the internal thermal
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environment may not return to equilibrium conditions. These circumstances must be

avoided and require additional external intervention or the application of

complementary technologies/strategies for recovery (TAVAKOLI et al., 2022).

The temperature metrics considered (DBT, operative temperature and SET) and the
limits characterizing each building thermal performance classification vary among

studies. In studies considering SET as the most suitable metric for building thermal

performance evaluation, the following classification limits are identified (Table 23):

Table 23 - Standard Effective Temperatures Limits

Source Critic Cold Cold Passive Heat Critic Heat
Threshold Survivability | Autonomy | Survivability | Threshold
Siu et al. (2023) <4°CSET 4°C-12°C|12°C-30°C |30 - 40 °C | >40°CSET
SET SET SET
Tavakoli et al. | Not cited Not cited 22 - 30 °C |30 - 38 °C | >38°CSET
(2022) SET SET
Sengupta et al. | Not cited Not cited 24 °C SET 24 - 30 °C | >30°CSET
(2023b) SET
LEED apud Ismail, | <4 °C SET 4°C-12°C|12°C-30°C | 240 °C SET- | Not cited
Quahrani and SET SET hours
Touma (2023).
Ismail,  Ouahrani | Not cited Not cited Not cited <32°CSET |32-40°C
and Touma (2023). >40 °C SET
Khan et al. (2022) Not cited Not cited Not cited <32°CSET | >32°CSET

Source: Authors.

Among the mentioned thresholds, those defined by LEED are the most common.
Regarding the Critical Heat Threshold, Ismail, Ouahrani and Touma (2023) and Khan
et al. (2022) emphasize that SET variations between 32 - 40 °C can induce thermal
stress, but above 40 °C SET, there is an extremely dangerous situation, rendering
the building uninhabitable and evacuation is advised (ISMAIL; OUAHRANI; TOUMA,
2023).

In addition to classifying performance based on temperature limits and identifying the
maximum temperature, Siu et al. (2023) highlight the importance of assessing the
cumulative effects of continuous exposure to overheating conditions. Currently, there
are still limited guidelines on temporal limits for exposure to extreme heat or cold in

indoor spaces, but some recent standards consider these aspects (SIU et al., 2023).

For this type of assessment, the most frequent metric is the time exposure integral
(SIU et al., 2023), measured in SET-degree-days or SET-degree-hours, indicating

the magnitude of thermal stress by evaluating the exceedance time in relation to
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comfort limits (SIU et al., 2023; ATTIA et al., 2021; ISMAIL; OUAHRANI; TOUMA,
2023). This metric was initially introduced by USGBC LEED system (ATTIA et al.,
2021). LEED sets a maximum cumulative value of 240 °C SET-hours above 30 °C in
summer weeks and 120 °C SET-hours below 12.2°C in winter weeks for non-
residential buildings (SIU et al., 2023; ISMAIL; OUAHRANI; TOUMA, 2023). Figure
35 illustrates key indicators of thermal performance: intensity metrics (maximum
temperature), severity (period outside thermal autonomy, which can also be
measured as the time exposure integral in SET-hours), frequency (percentage of
occurrence of thermal performance phases) and duration (building recovery time to

thermal autonomy condition).

Figure 35 - Key indicators for indoor thermal performance
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Source: adapted from Krelling et al. (2023).

Finally, based on the resilience stages of the building presented by Attia et al. (2021),
it is customary to conduct assessment and diagnostic studies, followed by the
evaluation of improvement strategies. The Figure 36 below illustrates the key aspects
that can be considered in the diagnosis of each stage through Key Performance
Indicators — KPIs (KRELLING et al., 2023). Throughout the resistance stage, KPIs
focusing on maintaining minimum thermal conditions are indicated; in robustness,

KPIs demonstrating overcoming critical thermal conditions; and in recovery,
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indicators informing the exit from critical conditions and the restoration of minimum
thermal conditions (KRELLING et al., 2023).

Figure 36 - Building Diagnosis Example
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Among the improvement strategies that can be explored are: absorption capacity

(minimizing the impacts of disruptive events with little difficulty), adaptive capacity

(flexibility to adjust to undesirable situations through some alterations), restorative

capacity (return to a normal or enhanced condition) and speed in recovery (ZHANG

et al., 2021). These strategies enhance thermal comfort and reduce thermal stress

experienced by building occupants (JI et al., 2023).
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In light of all the information on the classification of Building Thermal and Passive
Survivability Performance and Analysis Metrics, it is concluded that the appropriate
choice of metrics is crucial for adequately assessing the thermal resilience and
passive survivability of the building (HONG et al., 2023). For this thesis, the
evaluation of standardized public schools is proposed based on the variation in
Standard Effective Temperatures. Only indicators from the resistance and robustness
phases were selected. As performance indicators for the resistance phase, the
frequency of thermal autonomy and passive survivability (summer) are investigated;
and as indicators of robustness, the frequency of critical exceedance or dangerous
heat (>40°C) is assessed, intensity is determined by identifying the annual maximum
temperature and severity is calculated through SET-hours in a summer week to
observe compliance with the requirement of a maximum accumulated 240 °C SET-
hours outside the range between 12.2 and 30°C SET. As strategies, the
maximization of absorption capacity was explored through the optimization of passive
strategies and adaptive capacity was enhanced with additional photovoltaics to meet

future artificial air conditioning demands in extreme climatic conditions.

2.10.3.

for Weather Data Generation

Assessment Scenarios, Classification of Extreme Events, Software

In general, selecting scenarios to assess thermal resilience can be based on various

dimensions, as depicted in Figure 37

Figure 37 - Dimensions for selecting scenarios to assess thermal resilience

Source: Hong et al. (2023).
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The dimensions of occupant characteristics and behavior and building operation
constraints are described not only in thermal resilience studies but also in various

other building thermal performance studies.

Regarding the dimensions of evaluation time frame and time scale of weather data,
Attia et al. (2021) highlight that extreme events can be classified into four categories,

circumstances under which the thermal resilience of buildings can be assessed:

Extreme observed and future weather conditions (extended years)
Seasonal extreme weather conditions (extended months)
Short-term extreme weather conditions (short and extended days)

S

Power outages (covering hours)

In addition to choosing the category of extreme event, it is essential to consider the
most appropriate type of weather file for conducting the simulations. Publicly
accessible weather files, such as those from the Test Reference Year — TRY and
Typical Meteorological Year — TMY, often do not adequately reflect urban
microclimates due to the remote and rural locations of weather stations (KRELLING
et al., 2023). Furthermore, numerous research findings indicate that cooling solutions
with low energy consumption, effective under current conditions, may exhibit
suboptimal performance in the future or under extreme events such as heatwaves or
power outages (MEHMOOD et al., 2022; ZHANG et al., 2021).

Therefore, building performance simulation for resilience assessment would benefit
from including weather files covering urban microclimates, extreme conditions (such
as Extreme Meteorological Year — XMY), heatwaves, cold waves and future
projections based on various climate scenarios (KRELLING et al., 2023; MEHMOOD
et al., 2022), to plan solutions that are valid in the long term as well (CIRRINCIONE;
MARVUGLIA; SCACCIANOCE, 2021).

As for the source of weather data, these weather files, more suitable for thermal
evaluation, are often obtained through weather data generator software. Table 24
shows some examples of thermal resilience studies with the respective scenarios

mentioned or evaluated and the weather data generator softwares used.
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Table 24 - Examples of thermal resilience studies, scenarios mentioned and the weather data
generator softwares

Analysis Objective Cited or Evaluated Scenario Weather Data | Source
Generator Software

Thermal resilience to | Historical or TMY (2010-2020), mid- | Method of Weather | Sengupta et al.
overheating during | term (2041-2060) and long-term (2081- | data task force of IEA | (2023)
heat waves 2100) associated with a 24h power | Annex 80

outage — PO scenario
Resilient design | Mid to long-term (2070) Meteonorm Osman and Sevinc
strategies, thermal (2019)
comfort, energy usage
Cooling resilience e | Years 2020 (TMY), 2050 and 2080 in | CCWorldWeatherGen | Mehmood et al.
eficiente cooling | the A2 emission scenario (medium-high (2022)
strategies from IPCC AR4)
Evaluating the | Emission scenario A2 (medium-high | CCWorldWeatherGen | Cirrincione,
performance of | from IPCC AR4) and the five emission Marvuglia and
passive strategies scenarios SSP from IPCC AR6 Scaccianoce (2021)
Thermal comfort, | Synergistic impact scenario of urban | Meteonorm Khan et al. (2022)
cooling needs and | overheating (UO) and heat waves (HW)
passive survivability
Internal thermal | IPCC AR6 SSP5-8.5 emission scenarios | Future Weather Guarda et al
conditions for 2050 and 2080 Generator (2023)

Source: Authors.

The A2 scenario from the Intergovernmental Panel on Climate Change — IPCC,
which is more prevalent in the articles selected for this literature review, is one of the
hypothetical climate scenarios from the Special Report on Emissions Scenarios —
SRES described in the 4th Assessment Report of the IPCC AR4 (MEHMOOD et al.,
2022; CIRRINCIONE; MARVUGLIA; SCACCIANOCE, 2021). The SRES can be
classified as Al, A2, B1 and B2, with different assumptions about future emissions.
The A2 scenario is considered to have medium-high emissions, resembling the
Business as Usual — BAU scenario (MEHMOOD et al.,, 2022; CIRRINCIONE;
MARVUGLIA; SCACCIANOCE, 2021).

The Shared Socioeconomic Pathways — SSP are more recent exploratory narratives
from the IPCC, resulting from the 6th Assessment Report of the IPCC ARS6,
representing socio-economic and environmental futures with a more refined

approach to emissions, allowing for more in-depth assessments of the impacts of
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climate change. These are classified into five different narratives (Figure 38), with
SSP1 being the most optimistic and SSP5 being the most pessimistic (IPCC, 2021).

Figure 38 - Future annual emissions of CO2 and Contribution to global surface temperature
increase from illustrative scenarios
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technique (morphing) based on the Technical Assessment Report — TAR models of
the IPCC in the HadCM3 A2 experimental ensemble (HRM3), referring to the 3rd

Assessment Report. It generates future weather data files from summarized data of

an existing epw file, providing a statistical approach to downscaling (CIRRINCIONE;
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MARVUGLIA; SCACCIANOCE, 2021). Despite being a recurring and effective tool, it
uses outdated IPCC data.

Meteonorm is a software with reliable data sources and sophisticated calculation
tools, dealing with over 30 meteorological parameters (OSMAN; SEVINC, 2019).
However, the most updated version of the software constructs future weather data
based on IPCC Scenarios RCP 2.6, 4.5 and 8.5 from the 5th Assessment Report of

the IPCC AR5, which are also not the most recent hypothetical scenarios.

The Future Weather Generator tool used by Guarda et al. (2023) employs the same
morphing mathematical method as CCWorldWeatherGen but utilizes more up-to-date
data from the 6th Assessment Report of the IPCC ARG, making it a more suitable tool
(GUARDA et al., 2023).

After understanding the main potential assessment scenarios, types of extreme event
classification and recurring software tools for weather data generation, this thesis
proposes, based on the literature, long and short-time frame evaluations (annual and
during a hot week). These evaluations will consider historical (TMY) and projected
future (2050 and 2080) weather files generated by the FutureWeatherGenerator
software, which incorporates the most current scenarios from IPCC ARG6. Finally, the
chosen scenario is SSP3-7.0, representing a context of medium-high emissions, a
emission condition also opted for in previous studies by Mehmood et al. (2022) and

Cirrincione, Marvuglia and Scaccianoce (2021).

3. METHODS

This thesis aims to assess achieving positive energy balance and adequate thermal
comfort in standardized Brazilian public schools in all bioclimatic zones by focusing
on cool materials and passive strategies. The method chosen to find the most

suitable solutions was the optimization process based on heat balance analysis.

The object of study is the set of projects of standardized public schools of the FNDE,
which currently do not offer thermal comfort to users in all brazilian territory, and
therefore, presents a strong tendency to increase energy consumption due to artificial

conditioning.
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The thesis is structured in 4 steps (Figure 39), which aim to achieve the proposed

objectives.

Figure 39 — Methods Steps
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3.1. Literature Review

The literature review was structured in two moments:

1.1.1 Systematic review of the literature on zero and positive energy
buildings;
e Synthesis of the fundamental principles of the concept;
e Summary of the main types and respective variations of physical or
geographic limit and location of energy production;
1.1.2 Systematic review of the literature on cool materials applied to zero and

positive energy contexts;

The initial Systematic Literature Review includes scientific articles available in
databases Scopus and Web of Science by the term definition conjugated with ZEB,
ZED, PEB, Zero Energy, Positive Energy or Plus Energy in titles, abstracts or
keywords, which shows a total of 410 and 114 publications respectively. Of the 410,
only 291 refer to Engineering, Energy, Environmental Sciences, Materials Science,
Arts and Humanities and of the 114, 13 involve Architecture, Building Construction
Technology, Civil Engineering or Urban Studies. In this way, studies of discordant
theme are discarded. The year 2018 has a peak of scientific production on the
subject according to the Scopus database, therefore, the 132 and 5 publications
carried out from that period are selected. Of these, 28 from the Scopus database and
3 from Web of Science are publications in A1 and A2 journals according to the
Sucupira Platform Classification in the area of Architecture, Urbanism and Design.
From the reading of titles and abstracts, a duplication is removed and only 15 are
selected for the complete reading, as they present the concept of zero or positive

energy as the target subject.

The second Systematic Review includes the search for scientific articles in the
databases Scopus, Web of Science and Google Scholar for the associated terms
Cool Material, Super Cool Material, Cool Coating and Zero Energy, Positive Energy
or Plus Energy Iin titles, abstracts or keywords, which shows a total of 6, 4018 and
153 publications respectively, of which 4, 1045 and 70 published between 2018 and
2022 and 4, 79 and 11 refer to review articles. The titles of publications show that

those resulting from the Scopus databases and Google Scholar are similar to the
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research topic, but of the 79 on the Web of Science platform, only 8 refer to Building
Construction Technologies, Engineering and Urban Studies. Of the total obtained, 2,
1 and 8 are publications in journals A1 and A2 according to the Sucupira Platform
Classification in the area of Architecture, Urbanism and Design. Finally, 1, 1 and 4
publications are removed because they do not contain Zero or Positive Energy or
Cool Material cited throughout the research, resulting in 5 articles for full reading. The

research flowchart can be seen in Figure 40.

Figure 40 - Flowchart: Systematic Review of Literature on cool materials applied to zero and
positive energy contexts
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Source: authors.
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The step 1.2 was structured in three moments:

1.2.1 Systematic review of literature on cool or super cool materials;

e Conceptualization and Characterization of cool materials;

e Summary and Classification of cool materials in terms of
physicochemical characteristics, performance according to the climatic
context, forms of application and durability;

1.2.2 Analysis of applicability to the Brazilian context according to the
performance of materials with variations in temperature and air humidity in
Brazilian bioclimatic zones;

1.2.3 Cost Analysis of Brazilian Supercool paintings and comparison with

conventional Brazilian paintings.

The Systematic Review includes the search for scientific articles in the databases
Scopus and Web of Science databases for the terms cool material or super cool
material in titles, abstracts or keywords, which results in 395 publications, 394 from
the Scopus database and 1 from the Web of Science database. 195 publications are
selected, only from the Scopus database, as they were published between 2016 and
2022 (a period that presents a peak of scientific production on the subject), of which
only 95 have at least 10 citations. Among these, only 22 have adherence to the
thesis, containing cool or super cool materials as a target subject, in contexts of
literature review, studies of physical-chemical composition of the material,
experimental tests in the laboratory or computer simulations of the application of

materials to buildings.

The complete reading of the selected documents allows the extraction of the
following information: basic concept of cool material and its fundamental
characteristics, physical-chemical characteristics of the mentioned cool materials,
performance in terms of surface temperature, forms of application, durability in

relation to optical degradation/weathering and research trends.

Based on the Literature Review, the most suitable cool materials for each Brazilian
bioclimatic zone are presented, considering the variations in temperature and air
humidity annual averages portrayed in ABNT NBR 15220 (ABNT, 2005a).
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The three cool paintings identified as most suitable for the Brazilian context were:
thermochromic for heating-dominated zones, high spectral reflectivity and high
broadband emissivity (above 90%) for extreme-cooling-dominated humid zones and
high spectral reflectivity and high emissivity in the atmospheric window (above 90%),
also known as spectrally selective paintings, for cooling or extreme-cooling-
dominated dry zones. However, thermochromic paints are still in the development
phase due to the low durability of the color-changing property in the current options
under study, and therefore, they are not yet available for purchase and application in
building envelopes (SANTAMOURIS; YUN, 2020).

The spectrally selective paintings, which are the most recently developed and have
higher cooling potential among supercool options (SANTAMOURIS;
VASILAKOPOULOU, 2023), exhibit high emissivity at specific wavelengths
(SANTAMOURIS; YUN, 2020), information not yet disclosed in the Cool Roof Rating
Council — CRRC (CRRC, 2022a; 2022b) or any other publicly available database.
Therefore, only commercially available supercool paintings with high spectral
reflectivity and high broadband emissivity can be identified. This specific type of
supercool painting is found both nationally (ANDRADE; DORNELLES, 2023) and
internationally (CRRC 2022a; 2022b). Considering that the focus of this thesis is a
public building that should prioritize cost-effective solutions, a cost analysis of

national supercool paintings has been conducted.

Among the various options of Brazilian cool paintings recently investigated by
Andrade and Dornelles (2023), only one option, acrylic-based, can be characterized
as supercool, with over 90% reflectivity. Therefore, the cost of this product was
collected from 7 different online sources (4 different prices from manufacturer
representatives and 3 from websites) in January 2024 and an average market value
was calculated. This value was compared with the average prices of three different
types of latex acrylic paints (standard, premium and super premium) suitable for
external applications (ABNT, 2021a; 2021b) in the eight different Brazilian cities
studied in this thesis (PA, PI, GO, SP, DF, SC, RJ and RS) described in the latest
report of the National System of Prices and Indices for Civil Construction — SINAPI
published by in November 2023 (CAIXA ECONOMICA FEDERAL, n/d). As there is
currently no national classification system for cool and super cool materials and
coatings, similar to the American CRRC program (ANDRADE; DORNELLES, 2023),
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the specification and manufacturer of the cool paint assessed in this thesis have
been concealed, following the approach taken by Andrade and Dornelles (2023).

The research flowchart can be seen in Figure 42.

Figure 41 - Flowchart: Systematic Review of Literature on cool materials and applicability
analysis to the Brazilian context
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1.2.2 Applicability analysis to the Brazilian context

1.2.3 Cost Analysis of Brazilian Supercool paintings and comparison with
conventional Brazilian paintings

Source: authors.

The step 1.3 was structured in two moments:

1.3.1 Systematic review of brazilian school building stock patterns of building,
comfort and energy consumption. The following information was gathered:

¢ Number of schools in current building stock;

e Standardization of projects and common shapes of buildings;

e Most recurring subspaces;

e Predominant operating period;

e Year of construction of schools;

e Variations in the number of students;

e Quantity and Characteristics of brazilian climatic regions in wich schools

are located:;
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e Thermal satisfaction of school users;

e Average energy consuption of schools and main end uses.

1.3.2 Analysis of strenghts, weaknesses, opportunities and threats of the current

stock of school buildings.

The Systematic Review includes the search for scientific articles in the databases
Google Scholar and Scopus databases for the terms energy or comfort associated
with brazilian school or Brazil and school with building or construction or architecture
in titles, abstracts or keywords, which results in 47 results in Google Scholar and 55
in the Scopus database, of which only 10 and 21 are related to Civil Engineering or
Architecture. Of these, 5 and 12 respectively refer to articles published in journals
and 5 and 8 were published in Qualis Capes Al, A2 or B1 journals according to the
Sucupira Platform. In this case, a temporal filter is not applied, since less recent
studies on the characteristics of the building stock of brazilian schools are also

relevant.

From this group of publications, are discarded duplications and those that do not
present design, constructive or energetic descriptions of brazilian public schools as
the main information for the study (1 from Google Escolar and 2 from Scopus).

Therefore, 1 and 5 (6 articles in total) were chosen for full reading.

Based on the literature review, a SWOT analysis of the current stock of school
buildings was carried out in order to synthesize strengths, weaknesses, opportunities
and threats related to thermal comfort and energy efficiency in current Brazilian
schools. This is a strategic analysis method, used worldwide in various areas of study
and even in energy-efficient building projects. It allows a comprehensive and
impartial assessment of an object of study and provides valuable suggestions that
can be crucial in the decision-making process (ZHANG; YUAN; KIM, 2023). In this
thesis, In this thesis, this method allowed identifying positive and negative points and
main opportunities and needs for intervention in the school architectural model. The

research flowchart can be seen in Figure 42.
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Figure 42 - Flowchart: Systematic Review of Literature on brazilian school patterns and SWOT
analysis
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Source: authors.

The step 1.4 was a review on FNDE standard schools with the purpose of collecting
the maximum amount of information about the object of study (FNDE standardized
schools) to provide the necessary theoretical basis for the next stages of this thesis.

The main information collected were:

e Main types of standardized schools;

e Shape, area, number of students and spaces zoning;

e Thermal and optical properties of buildings envelope;

e Type of artificial climate of standard projects, installed lighting power

and equipment.

The step 1.5 was a systematic review on computer simulations of cool materials

searching the following aspects:

e Cool material tested:;
e Assessed city and climate;

e Object of study: urban context and/or buildings;
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e Place of application of cool materials: urban paving, roofing and/or
building facades;

e Software used: name of the software;

e Input data (fixed and variable);

e Output data;

e Research steps for computer simulations;

Of the articles obtained in the systematic review of the literature on cool materials
and applications in a zero or positive energy balance context, it was found that 10
articles used computer simulations to analyze the effect of cool materials on the
energy performance of buildings (MANNI et al., 2019; FENG et al., 2022; FENG et
al., 2021; CASTALDO et al., 2018; LASSANDRO, TURI; ZACCARO, 2019;
LASSANDRO; TURI, 2017; KOLOKOTSA et al., 2018; BANIASSADI; SAILOR; BAN-
WEISS, 2019; ASCIONE et al., 2018; BERARDI; GARAI; MORSELLI, 2020). Of all
the software used by the authors, EnergyPlus and DesignBuilder were the most

frequent.

Definition and main purpose of multiobjetctive The step 1.6 was a systematic review

on multiobjective optimization analysis following these steps:

e optimization analysis;

e Optimization objectives;

e Variables tested;

e Most recurrent methodology steps;
e Softwares used;

e Multiobjective optimization analysis applied in this thesis;

The Systematic Review includes the search for scientific articles in the databases
Scopus and Web of Science databases for the terms multiobjective or multicriteria or
multiphase and optimization and energyplus or designbuilder in titles, abstracts or
keywords, which results in 783 publications, 124 from the Scopus database and 659
from the Web of Science database. Among these, 69 from Scopus and 209 from
Web of Science were published between 2019 and 2023 (a period that presents a

peak of scientific production on the subject), of wich 62 and 17 are related to civil
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engineering, architecture, construction building technology, energy and
environmental studies. About relevance, 48 from Scopus and 6 from Web of Science
are Al, A2, A3 and A4, according to Qualis Capes Scupira Platform 2017-2022
classification. After the Reading of titles and abstracts, as an adherence filter, were
selected 26 and 1 publications wich include the search words. The complete reading
of the selected documents allows the extraction of the following information: basic
concept otimization process, examples of this method application, main objective
functions and variables tested in building performance optimizations, most common
genetic algorithm used, types of decision and criteria, most ccurrent methodology
steps and simulation tools. The research flowchart can be seen in Figure 43.

Figure 43 - Flowchart: Systematic Review of Literature on multiobjective optimization analysis

1.6 Systematic review of the literature on multiobjective optimization analysis
Data base Initial Search Temporal Filter Thematic Filter Rele'vance Search i
Filter Adherence Filter
multiobjective or civil engineering, Building performance,
multicriteria or architecture, Qualis thermal comfort, energy
multiphaseand 20192023 construction building Capes A1, consumption; Variables:
Scopus —>| optimizationand | (6-9) —>| technology, energy [—>| A2,A3or [—>| construction, passive
energyplus or and environmental A4 strategies; Software:
designbuilder studies (48) Energy Plus, Design
(124) (62) Builder  (26) 27 for
B R - full
multiobjective or civil engineering, Building performance, readin
multicriteria or architecture, Qualis thermal comfort, energy g
multiphaseand construction building Capes A1, consumption; Variables:
gVF_.'b o —>| optimizationand | 20226%?23 —>| technology, energy —>| A2,A3or [—>| construction, passive
clence energyplus or and environmental A4 strategies; Software:
designbuilder studies (6) Energy Plus, Design
(659) (17) Builder (1)

Source: authors.

The item 1.7 was a systematic literature review on Thermal Resilience and
Passive Survivability in Buildings. The following information was gathered:
¢ Definitions of Thermal resilience and Passive Survivability in Buildings;
e Building Thermal Resilience and Passive Survivability Performance
Classification and Analysis Metrics;
e Evaluation Scenarios, Extreme Event Classification, Weather Data
Generation Software;

The Systematic Review includes the search for scientific articles in the databases
Scopus and Web of Science databases for the terms passive survivability or thermal
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resilience or resilient design or resilient cooling or building resilience and simulation
in titles, abstracts or keywords, which results in 854 publications, 218 from the
Scopus database and 636 from the Web of Science database. Among these, 142
from Scopus and 395 from Web of Science were published between 2019 and 2024,
of wich 122 and 128 are related to engineering, environmental science, energy,
construction, building technology, civil engineering and architecture. About relevance,
65 from Scopus and 84 from Web of Science are Al, A2, A3 and A4, according to
Qualis Capes Scupira Platform 2017-2022 classification. After the Reading of titles
and abstracts, as an adherence filter, were selected 7 and 9 publications wich
include the search words. The research flowchart can be seen in Figure 43.

Figure 44 - Flowchart: Systematic Review of Literature on Thermal Resilience in Buildings
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Source: authors.

3.2.Optimization Process

The optimization process was structured in four stages (Preparation, Algorithm
Optimization Simulations, Non-Algorithm Optimization Simulations and Final Step),
based on Ascione et al. (2019a), Ascione et al. (2019b), Zemero et al. (2019), Salata
et al. (2020), Maciel et al. (2021), Naji, Aye and Noguchi (2021), Vukadinovic et al.
(2021), Yue et al. (2021), Bagheri-Esef and Dehghan (2022), Merlet et al. (2022),
Tavakolan et al. (2022), Xie et al. (2022), Baghoolizadeh et al. (2023), Gupta,
Chanda and Biswas (2023), Mostafazadeh, Eirdmousa and Tavakolan (2023).
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3.1.1 Preparation

The preparation stage consisted of three fundamental steps that preceded the
optimization: information collection, pilot simulations, delimitation of scenarios and

variables.
Information of climate and building modelling

The preparation involves the collection of Typical Meteorological Year — TMY
Weather Data (Table 25) from cities in the 8 Brazilian bioclimatic zones — ZBBR and

the modeling of buildings in DesignBuilder.

Table 25 - Selected cities TMY climate files used in the thesis

Zone City (State) Weather Data File

1 Caxias do Sul (RS) BRA RS Caxias .do.Sul.839420 TMYX. epw
2 Nova Friburgo (RJ) BRA_RJ_Nova .Friburgo.868890_TMYXx. epw
3 Florianopolis (SC) BRA SC Florianopolis .838970 TMYx. epw
4 Brasilia DF) BRA_DF_Brasilia .867150_TMYX. epw

5 Santos (SP) BRA SP_Santos .837820 TMYX. epw

6 Goiania (GO) BRA GO Goiania .867340 TMYX. epw

7 Picos (PI) BRA Pl Picos .819080 TMYx. epw

8 Belém (PA) BRA_PA_Belem .816800_TMYXx. epw

Source: adapted from ABNT (2005a) and Climate One Building (2022).

The reference cities of each Brazilian bioclimatic zone mentioned in ABNT (2005a)
are selected for this study. According to the regulation, the most representative city of
Zone 2 is Ponta Grossa (PR), but due to the lack of climate data on the Climate One
Building platform (2022), the city of Nova Friburgo (RJ) is chosen, which is also part
of the group 2.

The study focuses on a standardized 1 classroom public school of FNDE (Figure 45).
The architectural and constructive data used in the pilot simulations are those
explained in the chapter describing FNDE standard schools: Buildings

characteristics.

Figure 45 - Standardized 1 Classroom School Floor Plan, Perspective and Sections
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The orientation was north-south solar as suggested by FNDE (n/d). As for the
occupation schedule, the months from February to June and from August to
December in classrooms, from 8:00 am to 12:00 pm and from 2:00 pm to 6:00 pm
were considered, the same of previous simulations of Brazilian school buildings
(GERALDI; GHISI, 2022a).

In the simulations, soil temperatures were calculated with Kiva Basic, as it is a
suitable tool for simulating smaller buildings. This is an open source tool, developed
by Big Ladder Software, which is integrated into DesignBuilder and performs two-
dimensional finite difference calculations to represent the heat flux between a zone
and the adjacent ground. These calculations can be performed quickly and
accurately (based on zone temperatures and radiation, meteorological data and solar
position) without any noticeble loss of accuracy compared to a three-dimensional
simulation (KRUIS; KRARTI, 2015; KRUIS; KRARTI, 2017 apud DESIGNBUILDER
HELP, 2022). On one hand, operative temperatures are estimated based on zone
setpoints, on the other hand, meteorological data and solar position are defined from
input information. An insulation layer on the floor is not specified, as this material is
not part of the FNDE standardized school buildings. The Kiva foundation was set up

in the initial simulation as shown in Table 26.

Table 26 - Kiva Foundation Settings
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Kiva FoundationSettings unit Value Source
Soil Thermal Soil Conductivity W/m.K |1.28
Properties soil density kg/m3 1460.00 Default of DesignBuilder
soil specific heat J/ Kg. K | 880.00
Surface Ground solar absorptivity - 0.8200 Ferreira, Pereira and
Properties Ground thermal arbosptivity | - 0.9840 Labaki (2021)
Ground surfasse roughness | m 0.03 DesignBuilder Help (2022)
far-field width m 40.00 . .
Extent deep-ground depth m autocalculate Default of DesignBuilder
Minimum cell dimension m 0.02
Options Max".m.“m cell grouth | - 1.50 Default of DesignBuilder
coefficient
simulation timestep 1-hourly
Deep-ground boundary
condition 1-Autoselect

Source: Authors.

The soil thermal properties are the DesignBuilder's default values of “earth common”.
The surface properties adjacent to the building is grass, with absorptivity values
according to studies of Ferreira, Pereira and Labaki (2021) and roughness as
suggested by DesignBuilder Help (2022) for grassy areas. All the other information

was maintained as per the software default.

The input data described in Table 26 of Soil Thermal Properties and Surface
Properties of adjacent external ground, parameters highly influential in the thermal
distribution of the soil, are utilized by Kiva Basic to calculate the ground temperature
under the building within a width of up to 40 meters. This is done by the software to
obtain more realistic data on heat gains and losses through the building ground floor
and the thermoenergetic performance results. Due to the horizontal shape of the
one-classroom school under and the large area of the building in contact with the
ground, associated with the architectural school standard of FNDE of lacking thermal
insulation in the floor, this accurate calculation of the ground temperature beneath
the building performed by Kiva Basic provides more reliable results for this thesis
than other methods available in DesignBuilder, such as Ground Domain.

Optimization objective definition

The objectives of this study are thermal comfort and low energy consumption, as well
as ease of replication of the solutions in different regions of Brazil, with reduced
interventions to the original standardized architecture projects. In this thesis, all
rooms of all schools are modeled, but only classroom is thermally evaluated, wich is

the most important space in the school and has the highest occupancy
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(consequently, these spaces are more critical in relation to thermal comfort in cooling
dominated cities). The building was modeled with DesignBuilder Version 7.0.2.4

graphical interface and later simulated with the software's EnergyPlus engine.

The low energy consumption in this thesis is guaranteed by limiting the climatization
of the occupied spaces to passive strategies and natural ventilation only. This limit
also provides a future low operational cost of the buildings.

Regarding thermal comfort, the ASHRAE 55 adaptive model is adopted with 80%
acceptability as a method of calculating occupant comfort. This method is recurrent in
international research, is used in the calculations of the Brazilian Labeling Program —
PBE Edifica (ELETROBRAS et al., 2021) and it was also the method used in

previous research on comfort in standardized FNDE schools (LOPES, 2020).

PBE Edifica is regulated by the Normative Instruction Inmetro for the Classification of
Energy Efficiency of Commercial, Service and Public Buildings — INI-C/2021, which
explains the criteria and methods for the classification and labeling of brazilian public
buildings. This normative informs that naturally ventilated buildings without an
artificial conditioning system must provide a percentage of occupied hours in thermal
comfort equal to or greater than 90% during the hours of use of the building and the
maximum tolerance of 10% refers only to heat discomfort (ELETROBRAS et al.,
2021). It means that cold discomfort is disregarded in the calculation, which
represents a problem in cold cities. Although most of the Brazilian territory has
predominantly warm climates, 86.3% according to ABNT (2005a), there are also

some cities with lower temperatures that are vulnerable to cold discomfort.

The main objective function of the optimization process in this thesis, therefore, is
thermal comfort, with a maximum tolerance of 10% of occupied hours in discomfort
due to heat (as suggested by INI-C/2021) and 10% of occupied hours in discomfort
due to cold. This means that of the 1560 hours of annual occupation of the classroom
in schools, there should be a maximum of 312 hours of discomfort: 156 of discomfort

due to heat and 156 of discomfort due to cold.

Pilot simulation, selection of scenarios and key points
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The first step was an initial run of simulation of the 1 classroom school model in all 8
bioclimatic zones for verification of the thermoenergetic performance of current state
buildings. Based on the internal operative temperature and external dry bulb
temperature outputs from DesignBuilder, it was possible to verify the hours occupied

in comfort by the adaptive comfort method of ASHRAE 55 with 80% acceptability.

The data of occupied hours in comfort of the current model allowed the identification
of 3 different climatic groups: zones 1, 2 and 3 with predominant discomfort due to
cold (above 10% of occupied hours) and predominant needs for heating strategies;
zones 4, 5 and 6 with predominant heat discomfort (above 10% of occupied hours)
with predominant cooling needs; and zones 7 and 8 with critical heat discomfort
(above 70%) with extreme cooling needs. These three groups, considered as
optimization scenarios, were called heating-dominated zones, cooling-dominated and
extreme-cooling-dominated zones. This classification, concurrently founded on
external conditions of each location and the thermal performance of the reference
school building, relies on a method suggested in previous studies of the International
Energy Agency (IEA) (CORY et al., 2011).

Subsequently, an assessment of the variables of greatest impact was made.
According to Hens (2012), the static heat transfer coefficients as thermal
transmittances do not exactly reflect the reality, since the heat exchanges are
influenced by the transient temperature regime throughout the day and seasons of
the year and the thermal gradient of the building surfaces. Therefore, a common
technique to find the correct answer to a thermal discomfort problem is the evaluation
of heat balances (HENS, 2012). DesignBuilder's heat balance output has also been
used in previous optimization research (XIE et al.,, 2022) as a key instrument to

identify transient heat transfer results and investigate building energy performance.

In this thesis, annual and daily heat balance in each zone were evaluated to
understand the thermoenergetic behavior of the building during the year. Two
representative days were selected, one typical of winter (June 21) and the other
typical of summer (December 5). Representative operative days were chosen
according to the Brazilian school calendar, which at the same time were close to the
summer and winter solstices. As suggested by Hens (2012), surfaces and elements

that present the most influence on the heat flux were checked: opaque envelope
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assemblies (roof, external walls and ground floor), Window solar gains, opaque
partitions and internal gains (lighting, equipment and occupancy).

From the analysis of heat balances, the roof was identified as the main responsible
for annual gains in all zones and window solar gains the second. Ventilation is the
biggest cause of losses in all zones, followed by external walls. The last variable with
a significant influence on the heat fluxes is the ground floor. So, three most influential
variables were chosen as key points for the optimization process: Roof, Ventilation
and Wallls. Local shading on windows can compromise natural light in interior spaces,
So it was a variable to be optimized only in the most critical cases of heat discomfort
(Zones 7 and 8) to reduce window solar gains. Figure 46 shows the summary of

variables and possible combinations of the algorithmic optimization process.

Figure 46 - Variables and possible combinations of the algorithmic optimization process

R=10%
Heating z1 CUEI SEE R = 30% Summer
Dominated
i - ROOF Insulated R = 50% Winter
9216 Light R =70%
combinations z3 Heavy R =90%
Ocuppancy
Schedule 24/7
5% Summer
Cooling 74 VENTILATION
Dominated 35% Winter
Zones 75 Free Aperture 65%
3072 95%
combinations Z6
Current State R=10%
R =30%
Insulated
WALL R =50%
Light
Extreme R=70%
Cooling Heavy ey
Dominated z7 Ri= 0
Zones Current State
B z8 SHADING
512 Louvre Sidefins
combinations
All zones Z1t0 Z3 Z1to Z6 Z4 to Z6 Z4 1o Z8 Z7 and Z8

Source: Authors.

No changes were proposed to the geometry (floor plan) design and window-to-wall
ratio, with the aim to avoid significant changes to the standardized architectural

project. Other parameters were also considered fixed: composition of the internal
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ground floor, internal partitions and the transparent envelope (type of glass of the

windows).

According to the previous systematic literature review on supercool materials,
spectrally selective materials would be the most suitable for zones 4 to 7 and high
broadband emissivity for zone 8. However, in DesignBuilder it is not possible to input
different emissivities in specific ranges of the spectrum (FENG et al., 2022b),
consequently, the emissivity of super cool materials are not differentiated in the
simulations and a 90% value was adopted in all cases of supercool materials.
Considering that the cool materials are coatings and their key properties are high
reflectivity and high emissivity, in this thesis these materials were evaluated in
different Brazilian climatic contexts by variations only in the external reflectivity of the
building (Table 27). The same values were considered for solar and visible

reflectivities.

Table 27 - Settings of Super Cool Coatings (Paints) tested in each Climatic Group

Climatic Group Zone | Cool Coating (Paint) Solar and Visible
Reflectivities

Extreme-cooling | Humid High Broadband Emissivity
Dominated Dry

Spectrally o
Cooling-dominated Selective 90%

10, 30, 50 and 70%

Thermochromic .
(summer and winter)

Heating-dominated

RPIN|W(A~OI|O ||

Source: authors.

In order to test different possibilities of thermoenergetic behavior of the building and
understand the ideal substrate for the application of cool materials in different
climates, options of different thermophysical properties for the roof and the wall were
evaluated: compositions of the current model, insulated compositions (with high
thermal resistance), light compositions (low thermal resistance and low thermal
capacity) and heavy compositions (high thermal capacity), with reflectivities ranging
from 10 to 90% depending on the climate group (Figure 47).

Figure 47 - Details of variables tested in optimization simulations
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Roofs
Current State Insulated Light Heavy
U=225W/mK U =0.57 Wm?K U =593 Wm?K U=321Wm’K

C =220.00 KJ/m2K C =23.49 KI/m2K C =55.00 KJ/m?.K C =220.00 KJ/m?.K

ete Slab 5cm Concrete Slab 30cm

Walls
Current State Insulated Light Heavy
U=239Wm2K U=042W/m2K U=440W/m2K U=293W/m2K
C =69.73 KI/Im?.K C =122.00 KI/m?.K C =110.00 KJ/m?K C =220.00 KJ/m*K

Mortar 2.5 cm oncrete Wall 10 cm Concrete Wall 30 cm

Reflectivity Window Shading

— Louvre and Sidefins
= = Horizontal = 35°

Vertical = 20°
10% 30% 50% 70% 90%

Source: Adapted from ProjetEEE (n/d).

It was decided to test the most common homogeneous or heterogeneous envelope
compositions in Brazil (WEBER et al., 2017). The insulated composition of the roof
with steel tile filled with polyurethane was chosen because it is already used in other
models of larger FNDE standardized schools (FNDE, n/d). The insulated wall was
chosen from Weber et al. (2017). To avoid costly solutions, compositions with
aluminum or rock wool were discarded. After this filter, the wall option with the lowest
transmittance was selected. Concrete was tested for light and heavy roof and wall
compositions because it is a recurrent constructive solution in Brazil. For the light
roof, a thickness of 5 cm was chosen because it is the minimum value recommended

for roof slabs according to Brazilian regulations for concrete structures (ABNT, 2014).

The reflectivities varied according to the climatic group. On the roof of the schools in
heating dominated zones, thermochromic paints were tested. Thermochromic
materials cannot be configured directly in DesignBuilder simulations and to consider
them in thermoenergetic performance calculations, it is necessary to write an Energy
Management System — EMS code. Due to the time limitation of this thesis, the

variable reflectivity option was simulated with different reflectivity values in two
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different periods of the year (low reflectivity in the cold months and high reflectivity in
the warm months). Options from 10 to 70% were tested in summer (November to
April) and winter (May to October) separately, in order to identify an optimal value per
season. Paints from 10 to 50% reflectivity were tested on the walls to identify a single

optimal wall solution, without thermochromic properties.

On the roof of the cooling dominated zones, reflectivities of 70 and 90% were tested
in order to obtain an optimal solution to reduce excessive heat gains through the roof.

Wall reflectivities from 10 to 70% were tested.

In the extreme cooling dominated zones, only 90% of reflectivity were tested for roof
and walls, since these are cities with extremely high heat discomfort and require very
efficient cooling strategies. This is the only group where local shading was simulated,
with louvres and sidefins of 90% reflectivity. This choice allows more accurate cooling
optimization results and reduced computational simulation time demand. Horizontal
(35°) and vertical (20°) angles were calculated with Sol-ar Analysis software to avoid
direct solar radiation in the two cities (APPENDIX C).

As also suggested by ABNT (2005a), the different reflectivity percentage ranges of
each climate group had the following objectives: to favor passive winter heat gains in
heating dominated zones; provide heat gains in winter, avoid glare and excessive
gains in summer in cooling dominated zones; prevent the greatest possible amount

of gains and potentiate heat losses in the extreme cooling dominated zones.

As for ventilation, in each climate group the optimal solution was sought with two
operation schedule options (during occupancy and windows open 24 hours 7 days a
week) and 5 opening stages between 5 and 95%, which are compatible with the
titing window specified in the original building project. Specifically in heating
dominated zones, these ventilation variables were tested twice: for summer and for

winter.

3.1.2 Algorithm Optimization Simulations

The optimization process involved three steps: algorithm settings, optimization
simulations and interpretation of thermal comfort, heat balance and sensitivity

analysis results.
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Algorithm settings

In the optimization simulations of all climatic groups, the JEA algorithm option was
selected, which is a more powerful optimization engine than OpenBeagle, available
in previous versions of the software (DESIGNBUILDER HELP, 2022). This algorithm
was also used in several recent international studies on thermoenergetic optimization
of buildings (NADERI et al., 2020; ZHAO; DU, 2020; NAJI; AYE; NOGUCHI, 2021;
BAGHOOLIZADEH et al., 2023). The JEA uses a genetic operator that generates

more efficient descendants through the crossing method.

The simulations were annual for cooling-dominated and extreme-cooling-dominated
zones and separate periods of summer (November to April) and winter (May to
October) for heating-dominated zones. The maximum generations were chosen
according to the maximum number of variable combinations. 512 generations were
the maximum for extreme cooling dominated zones, 3,072 for cooling-dominated and

4,608 for heating-dominated zones per period.

To ensure that the most important solutions were tested, in all climatic groups the
generations for convergence were 100, which is the maximum value allowed.
According to the DesignBuilder Help (2022) the maximum initial population size is
500. The other parameters were set as suggested by the software manual
(DESIGNBUILDER HELP, 2022): crossover rate of 1.0, mutation rate of 0.4,

tournament size 2 and objective bias 0 (Table 28).

Table 28 - Summary of optimization algorithm settings

. . Climatic Group

Calculation Options Heating Cooling Extreme Cooling
Dominated Zones | Dominated Zones | Dominated Zones

Simulation Periods 1 Nov to 30 Apr
2 May to 31 O%t 1 Janto 31 Dec

Maximum Generations and | 4,608 per period 3,072 512

Evaluations

Initial Population Size 500

Generations for Convergence 100

Mutation Rate 0,4

Crossover Rate 1,00

Tournament Size 2

Objective Bias 0

Source: Authors.

Thermal Comfort Analysis
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Thermal Comfort Analysis involved 2 steps: 1. verification of the achievement of the
optimization objective (maximum 10% of occupied hours in thermal discomfort due to
cold or heat); 2. identification of the thermal comfort increase of the optimized model

in relation to the original model.

The percentages of occupied hours in thermal comfort were calculated using the
adaptive method of 80% acceptability from ASHRAE 55, as well as in the initial

simulations of the preparation stage of the optimization process.

The two steps were essential for verifying the achievement of the optimization

objective in each Brazilian bioclimatic zone.
Heat Balance Analysis

The Heat Balance Analysis proceeded in 2 steps: 1. identification of changes in
annual and daily heat balances in relation to the original model; 2. Heat balance
analysis on a typical summer and winter day of the optimized model, individually

varying roof and external wall compositions.

Comparison of the heat balances of the optimized model with the results of the
original model allows the evaluation of the change in heat fluxes during the year and
in daytime and nighttime on typical summer and winter days. Based on this
comparison, it is also possible to identify the main factors responsible for the
optimized results of occupied hours in thermal comfort.

The comparison of heat balance graphs resulting from the variation of only the roof
and wall substrates (original, light, insulated and heavy) in the optimized model
allows the identification of the thermal behavior of the building in each case and the
behavior of the ideal substrate of the standardized Brazilian school.

Sensitivity Analysis

The Sensitivity Analysis occurred is two steps: 1. Sensitivity analysis of variables
(comparison between original and optimized settings of roof, walls, ventilation and
shadings) and 2. Sensitivity Analysis of roof and walls reflectivities in the optimized

model.
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Sensitivity analysis are important for a proper understanding of the relationship
between design variables and the objective. This step was performed with
DesignBuilder using the highly efficient Latin Hypercube Sampling — LHS
(DESIGNBUILDER HELP, 2022) and which has been used in previous studies of
Brazilian standardized public schools (LOPES, 2020).

The first step of the Sensitivity analysis focused on variables (roof, walls, ventilation
and shadings). In this case, the settings of the original school and the final optimized
model were compared. These simulations allowed the identification of the most
impactful final passive strategy in the occupied hours in thermal comfort in relation to
the original standardized school model.

The second step of the Sensitivity analysis assessed the influence of cool materials
on the thermal comfort of schools located in each bioclimatic zone by reflectivity
variations of roof and walls. As cool materials are coatings, this analysis was carried
out considering the final composition of roof and wall materials, ventilation (for all
zones) and shading (for the extreme cooling dominated zones) of the optimized

model, with only a variation of reflectivities from 10 to 90% of roof and external walls.

According to DesignBuilder Help (2022), the number of runs can be 10 to 20 times
the number of variables. Therefore, 200 simulations were run per zone per sensitivity

analysis.

In sensitivity analysis results, the higher the Standardized Regression Coefficient —
SRC, the greater the relative influence of the variable on thermal comfort
(DESIGNBUILDER HELP, 2022). The reliability of the final results are based on
Adjusted R-Squared values and p-values (Figure 48).

Figure 48 - Adjusted R-squared Value Accuracy in Sensitivity Analysis
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Source:DesignBuilder Help (2022).

The p-values are reliable when <0.05. However, it is common to obtain p-values
above the acceptable for variables with very low SRC. In these cases, it is still
possible to identify the most impactful variables, as long as the Adjusted R-Squared

is above 0.4.

3.1.3 Non-Algorithm Optimization Simulations

After algorithmic optimizations, only two of the 8 zones did not reach the optimization
objective of maximum 10% cold or heat discomfort: zone 1 (Caxias do Sul — RS) with

15.4% of cold discomfort and zone 7 (Picos — PI) with 11.8% of heat discomfort.

Therefore, this stage involved two steps: 1. complementary non-algorithm simulations

and 2. interpretation of comfort and heat balance results.

Complementary optimizations without Algorithm

In these two cases, Caxias do Sul (RS) from Zone 1 and Picos (PI) from Zone 7, the
last most significant variable for optimization was explored, the ground. The school is
horizontalized with only one floor, thus, there is a large surface in contact with the
ground that influences building thermal losses and gains. The ground is also

influenced by the surface coverage in adjacent areas of the building.
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However, the DesignBuilder software and the JEA algorithm do not have the external
ground as a possible optimization variable. In this way, an optimization without an
algorithm was carried out by testing different reflectivities of the floors adjacent to the
building: 30 and 50% for zone 1 and 90% for zone 7. An external concrete surface
was considered, with values of emissivity (90%) and surface roughness (0.002)
suggested by DesignBuilder Help (2022).

Interpretation of Results

The final achievement of the optimization objective of maximum hours in discomfort
were analyzed. Then, the heat balances were interpretated in representative days of

summer and winter (same dates of the initial simulation) and in the annual period.

3.1.4 Final Stage

Finally, an optimal school model solution was synthesized by climatic groups and
extreme zones, with high thermoenergetic performance provided mainly by cool
materials and easy replication in the national territory.

3.3. Transformation of Optimized Schools in ZEB

The task consisted of three fundamental steps: Simplified design of PV System;
Simulations and verification of the impact of the PV system on thermal comfort; and
Final Energy Balance Achievement, with a comparison of loads and energy

production.

3.2.1 Simplified design of PV System

This step included monthly loads sizing, photovoltaic system dimensioning,

photovoltaic system modelling.

Monthly Loads Sizing

After the optimization study of standardized public schools, it is considered that there

is no need for artificial air conditioning to achieve thermal comfort. Therefore, the
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consumption of buildings was calculated based only on information on lighting and
equipment loads obtained in the literature review on FNDE standard schools.

The sizing of the monthly loads of each of the standardized projects was based on
the same values used for the computational simulations to evaluate the
thermoenergetic performance. The power density of the electrical equipment in the
classroom was 5W/mz2, as considered by Lopes (2020) and of other spaces, as
identified by Geraldi and Ghisi (2020). These values were multiplied by the area of
each school model and subsequently added to the total power of the lighting system
(FNDE, 2023). The final power obtained was multiplied by the monthly hours of use
of the building, in an operating schedule from Monday to Friday, from 8:00 am to
12:00 pm and from 2:00 pm to 6:00 pm, according to the official calendar published
by the Ministry of Education and considered in the research by Geraldi and Ghisi
(2020).

Photovoltaic System Dimensioning

To achieve a positive on-grid energy balance, a simplified sizing of the photovoltaic
system was carried out using the Neosolar online calculator to meet the energy
demand of the three standardized models representative of Brazilian public schools
from the FNDE. This tool provides reliable calculation results, comparable to
internationally used professional software, such as PVSyst SA, PV*SOL, Solarius PV
and SOLergo (SANTOS, 2018) and has previously been used in other studies of
building zero energy balance in a Brazilian context (QUEIROZ, 2019).

The Neosolar calculator requests the following input data: location (state/city), type of
building use and average monthly value of the energy bill or estimated consumption
in kWwh/month (NEOSOLAR, s/d). The output sizing information are: system size in
kWp, number of photovoltaic modules, estimated annual production in kWh and area
required for installing the modules in m? (NEOSOLAR, n/d).

Photovoltaic System Modelling

After dimensioning the loads and the necessary photovoltaic system, the modules

were modeled in the DesignBuilder software to verify the influence on the thermal
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comfort of the classrooms and on the cooling effect of cool and supercool roof

materials in all the 8 brazilian bioclimatic zones.

The modules were added to the optimized school models of each zone with the

photovoltaic solar collector design tool and with all the tool's software default data.

The photovoltaic system designed in DesignBuilder considered the system coupled
to the building, with the flat solar panel represented by the upper surface of the PV
rows drawn. The default material suggested by the software, Bitumen Felt, with the

thermal properties described below (Table 29), was adopted.

Table 29 - Bitumen Felt Thermal Properties

Thermal Bulk Properties |Values Surface Properties Values
Conductivity (W/m.K) 0,23 Thermal Absorptance 0,9
Specific Heat (J/Kg.K) 1,000.00 |Solar Absorptance 0,87
Density (kg/m?3) 1,100.00 Visible Absorptance 0,87
Vapour Resistance Values Radiance Daylighting Values
Vapour Factor 50000 Absorptance 0,87
Vapour Resistivity 10 Reflectance 0,13
(MNs/gm) Specularity, Roughness, |0
Transmissivity, Fraction diffused

Source: DesignBuilder (2022).

Also as a default, a PV Constant Efficiency of 0.15 was considered, with a fraction of
the surface with active solar cells of 0.9, a fixed conversion efficiency input mode, a
cell efficiency value of 0.15, a rated electric power output of 48,000.00 and an
availability schedule On 24 hours, 7 days a week.

Additionally, as a default, the system adopted the decoupled heat transfer integration
mode, where the cell temperature of modules in the array is computed based on an
energy balance relative to Nominal Operating Cell Temperature - NOCT conditions.
The default generator operation scheme type was the base load, operating the
generators at their rated (requested) electric power output when scheduled on. This
scheme requests all generators scheduled on (available) to operate, even if the
amount of electric power generated exceeds the total facility electric power demand.
The electrical buss type was also considered as direct current with inverter, which is

the software’s basic setting for photovoltaic.
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The sun's rays must reach the module perpendicularly (BYD ENERGY DO BRASIL,
n/a; CANADIAN SOLAR, 2019), that is, the surface of the module must be facing the
equator (IDEAL ESTUDOS E SOLUCOES SOLARES, 2019). Therefore, the angle of
inclination should be approximately the average latitude of that country (IDEAL
ESTUDOS E SOLUCOES SOLARES, 2019) or equal to the latitude of the location
for optimal solutions (HUSSEIN et al.,, 2004; MEHLERI et al., 2010 apud IDEAL
ESTUDOS E SOLAR SOLUTIONS, 2019).

According to IBGE (2023), the extreme points north and south of the Brazilian
territory are respectively: +05° 16'19" Nascente do Rio Aila (Roraima) and -33° 45'07"
Arroio Chui (Rio Grande do Sul). Thus, the average value of the country's latitude
and consequently the appropriate inclination of the photovoltaic modules, is
approximately 15°. This angle is also the minimum considered favorable for the self-
cleaning effect caused by rain, which helps maintain the productivity of the system
(CANADIAN SOLAR, 2019).

Specifically for this study, this fixed value of inclination of the modules was adopted
for all Brazilian cities to facilitate the comparison of comfort data in classrooms in

standardized projects located in different bioclimatic zones.

The positioning of the modules followed the recommendations of ESAF Solar (Figure
49), which recommends a minimum distance of 0.5m from the edges of the roof,

avoiding corners in areas of 1.5m x 1.5m (IBRAP, n/d).

Figure 49 - Recommendations for minimum ground clearances
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Source: IBRAP (n/d).

All the optimized models of the standardized schools have a flat roof with a concrete
slab, therefore, according to IBRAP (n/d) it is necessary to use a support with a
minimum thickness of 45 mm of Aluminum Alloy 6005-T6 (Figure 50). The supports

must be at an average distance of 2.00 meters between them to resist the action of
the wind.

Figure 50 - PV support suitable for flat roofs

Source: IBRAP (n/d).

The panels were positioned in rows, with enough spacing to avoid shadows between
them (Figure 51). Shading was checked individually for the latitude of each city with
DesignBuilder Sunpath Tool (APPENDIX E).
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Figure 51 - PV inclination and PV Rows Spacing
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Source: Authors.

Considering that high temperatures in warm climates, such as those in Brazil, can
negatively impact the efficiency of the PV system, the cooling solution was the
consideration of supercool painting on the roof to reduce the ambient temperature
around the modules. This approach aims to decrease the surface temperature,
increase the reflected radiation received by the modules and simultaneously cool the

indoor environments of the school, as suggested by Vasilakoupoulou et al. (2023).

Finally, it is emphasized that the proper planning of the PV system often relies on
factors such as installation area, solar cell type and environmental conditions,
including solar irradiation levels, geographical location and potential losses, as
highlighted by Mussard and Amara (2018). Hence, the proposed modeling for
simulations in this thesis avoided placing modules at the edges of the roof, assessed
an appropriate distance between rows to prevent shading and energy production
losses, adopted reliable standardized parameters for solar cell type from the
DesignBuilder software and considered specific solar irradiation for each city by

incorporating individual weather files into the computer simulations.

3.2.3 Energy Balance Achievement

For the final Energy Balance Achievement Analysis, a comparison of loads and local
energy production was made by the PV System using DesignBuilder outputs and the
graph proposed by IEA (2014), Figure 52. In this chart, the dashed line represents
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zero energy balance. Above this line the energy balance is positive and below it is

negative.

Output

Figure 52 - Graph model for Energy Balance Achievement Analysis
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Among the parameters that can be considered in the different definitions of zero and

positive energy buildings, for this thesis operation year was adopted as the balance

period and final energy (end uses) as the energy balance evaluation metric.

3.4.Thermal Resilience and Passive Survivability Analysis

The thermal resilience and Passive Survivability analysis was structured in 2 steps:

3.4.1 Thermal Resilience and Passive Surviability Assessment in TMY, 2050 and

2080:

Current State standardized schools;

Optimized standardized schools.

3.4.2 Energy Balance Achievement including Thermal Resilience and Passive

Survivability in TMY, 2050 and 2080:

PV System Resizing;
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e Comparison of loads and energy production.

In step 3.4.1, Standard Effective Temperatures are employed as a metric to assess
thermal resilience and Passive Survivability. Indicators for the resistance and
robustness phases were selected based on Siu et al. (2023), Attia et al. (2021),
Ismail, Ouahrani and Touma (2023). Performance indicators for the resistance

phase include:

e Frequency of occupied hours in thermal comfort;
e Frequency of occupied hours in thermal autonomy and passive survivability

(summer), also called heat vulnerability.

For robustness indicators, the evaluation includes:

e Frequency of critical exceedance or dangerous heat (>40°C)

¢ Intensity identified by the annual maximum temperature

e Severity calculated by SET-hours in a summer week to observe compliance
with the requirement of a maximum accumulated 240 °C SET-hours outside
the range of 12.2 to 20°C SET in occupied hours.

Regarding the evaluation period, both long and short-time frame evaluations (annual
and during hot weeks) (KRELLING et al., 2023) are analyzed, considering historical
(TMY) and projected future (2050 and 2080) weather files (MEHMOOD et al., 2022;
CIRRINCIONE; MARVUGLIA; SCACCIANOCE, 2021) generated by the
FutureWeatherGenerator software, considering the SSP climate change scenarios,
the most recently published in IPCC ARG6. Finally, the SSP3-7.0 scenario is chosen,
aligning with the selections made by Mehmood et al. (2022) and Cirrincione,
Marvuglia and Scaccianoce (2021), representing a context of medium-high

emissions.

In step 3.4.2, the previously proposed PV System was resized based on loads and
local energy production outputs from DesignBuilder for the most critical overheating
timeframe (2080), ensuring greater resilience to buildings in the long term. The final
guantity of PV system modules was determined by climate group, based on the city

with the highest cooling loads in each respective group.
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In this case, simple HVAC was used in DesignBuilder, which calculates energy use
involving space loads and the CoP value of the system. The input CoP was 3.78, the
minimum value for A Label on the Brazilian Labeling Program (ELETROBRAS,
2021). The Split HVAC template was also considered, which is the model used in
other standardized school models from FNDE (n/d).

In simple HVAC, operational control is managed through setpoints and schedules.
The setpoint temperatures were based on air temperature, with a minimum of 12°C
and a maximum of 26°C, as suggested by Tavakolin et al. (2022). The Autosize
HVAC sizing method was selected, which calculates the flow rate limit through
EnergyPlus, and finally, the mixed-mode natural ventilation (referred to as hybrid
ventilation in EnergyPlus) was selected, preventing simultaneous natural ventilation
and HVAC system cooling operation, allowing testing various ventilation strategies to
maximize natural ventilation to reduce heating/cooling loads (DESIGNBUILDER
HELP, 2022). Subsequently, a comparison of loads and local energy production was

conducted using the graph proposed by IEA (2014).

4. RESULTS

In this topic are presented the results of the thesis.

4.1.Pilot Simulation Results

The detailed results of percentage of occupied hours in thermal comfort and heat
balance of classrooms in the 8 bioclimatic zones can be observed in the APPENDIX
D. The most important data from the graphs of annual thermal comfort, main thermal

gains and losses were summarized in Table 30 and Figure 53.

Table 30 - Summary of occupied hours in comfort and discomfort and Heat Balance of Current
State 1 Classroom School
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Zone Annual Heat Discomfort (%) Main annual Main annual
Annual Comfort (%) heat gain heat loss
Annual Cold Discomfort (%)
1 Roof Ventilation
8.1 519 42 Occupancy Walls
Windows
2 Roof Ventilation
7.3 765 i Windows Walls
Occupancy
3 Roof Ventilation
4.7 826 12,6 Windows Wallls
Occupancy
4 Roof Ventilation
184 79,9 17 | Windows Wallls
Occupancy Ground
5 Roof Ventilation
211 76,9 2 | Windows Walls
Occupancy
6 Roof Ventilation
449 55 0,1| Windows Walls
Occupancy Ground
7 Roof Ventilation
72,6 274 o | Windows Walls
Occupancy Ground
8 Roof Walls
726 274 o | Windows Ventilation
Occupancy Ground
Source: Authors.
Figure 53 — Summary of Current State 1 Classroom School Heat Balance
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The 1 classroom schools located in zones 2 to 5 present most of the year in thermal

comfort, with zone 3 being the most comfortable as they are milder climates with a

greater predominance of air temperature and humidity within variations considered

comfortable according to ABNT (2005a). The schools in zones 1, 2 and 3 tend to

have more discomfort from cold than from heat, and the opposite happens for the

other zones. Schools in zones 7 and 8 have long periods of heat discomfort and no

periods of cold discomfort, so they are extremely hot.
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The graphs of monthly variation of Percentage of occupied hours in comfort and
discomfort show that in zones 1 to 3 and 5 (APPENDIX D), schools experience more
significant percentages of heat from November to March, the period that includes
Brazilian summer. This difference between summer and winter in the zones is clearer
as these refer to cities of higher latitude. On the other hand, schools in zones 4 and 6
to 8 have more constant percentages of heat discomfort throughout the year.

In all bioclimatic zones, the roof is one of the main sources of annual heat gains, so it
should be a priority intervention in all cases to reduce heat discomfort. Classrooms
have windows on two opposite sides that facilitate cross ventilation, which is the main
cause of heat loss.

In zones 1, 2 and 3, the greatest discomfort in winter is due to excessive thermal

losses due to ventilation, so this must be a variable for optimization.

In zone 1, the walls and roof also provide thermal losses in winter due to the low
external temperatures and due to low thermal insulation of the envelope. In this zone,
the building ground floor is responsible for favorable thermal losses in summer and
thermal gains in winter (APPENDIX D), as Brazilian schools do not have thermal

insulation on the floor.

The roof, due to its low reflectivity (20%), is one of the main factors responsible for
thermal gains in the summer in zones 1 to 4, causing discomfort due to heat. This
part of the building is responsible for some thermal losses in the morning and for
gains in the afternoon. In this second shift, the absorbed heat begins to enter the
classroom (APPENDIX D).

Due to the latitude of cities 1, 2, 3 and 5 (29°, 22° 27° and 24° South respectively),
window solar gains beneficially increase in the winter period, due to the higher
incidence of solar radiation on the north facade (APPENDIX D). Therefore, the
absence of local shading in the standardized school is favorable in these cities.

In zones 2 and 3 there is a high percentage of occupied hours in comfort in the

summer period due to the well balanced heat gains and losses during the day.

Regarding cool materials, in zone 4, despite mild annual heat discomfort, heat gains

and losses are balanced year-round in the occupancy period, hence the high annual
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percentage of hours occupied in thermal comfort. In this zone, window solar gains
slightly increase in the winter period, due to the intermediary latitude (16° South). In

this case, cool materials on the roof can solve heat discomfort issues.

In zone 5, heat gains and losses are balanced during the winter occupancy period,
hence the high percentage of occupied hours in comfort. In summer, there is a high
heat discomfort because of the relatively high temperatures, above 24°C, associated
with high humidity levels in the city during this period, above 84%. Cooling strategies

and cool materials should be explored.

In zone 6, there is significant heat discomfort throughout the year, mainly due to
relatively high temperatures, which on average are above 23°C, reaching up to more
than 30°C in the hottest hours of the day. Cool materials on the roof can also be

explored as a cooling strategy.

In zones 7 and 8 there is a very high heat discomfort (above 70%) due to high
temperatures, generally above 25°C and 30°C. In zone 8, heat discomfort is further
aggravated by high humidity, always above 80%. Maximum cooling strategies should

be explored in these two zones.

In view of these results, the process of optimizing schools with 1 classroom in the 8

bioclimatic zones is developed.

4.2.0ptimization Results

The algorithm optimization results are presented through thermal comfort analysis,

heat balance analysis and sensitivity Analysis.

4.2.1 Algorithm Optimization and Thermal Comfort results

The results were divided by climate groups: extreme-cooling-dominated zones (7 and
8), cooling-dominated zones (4, 5 and 6) and heating-dominated zones (1 and 2). As

the zones of greatest heat discomfort represent the majority of the Brazilian territory,
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the results were presented in descending order (from zone 8 to zone 1). The
description and comparison of heat balances on typical summer and winter days in
all cities are in APPENDIX E.

Extreme-Cooling-Dominated Zones (7 and 8)

Of the 512 maximum possible generations, 343 were sufficient according to the
algorithm to obtain coherent optimal solutions. Hours occupied in thermal discomfort
ranged from 164 to 976. The 3 options for minimum discomfort values (164 hours)
were for the city of Belém (Zone 8). For the city of Picos (Zone 7), there were 2
optimal solutions with 312 hours of discomfort. In both cities, the best composition
was with a heavy roof, windows open 24/7 with 95% opening for ventilation and

window local shading.

In the city of Belém (Zone 8), the optimal solutions were obtained with 3 types of
walls (current state, insulated or light) and in Picos (Zone 7) with the 2 types of walls
(heavy or insulated). This variation only in the walls suggests that this is a variable
that has little influence and that the reflectivity is less relevant for the comfort results.

The insulated external walls are options common to both cities (Table 31).

Table 31 - Optimal solutions for extreme cooling dominated zones

City Discomfort | Wall Roof % Aperture Local

(Zone) | (hours) Ventilation | Schedule Shading

Belém Current State

28) 164 Iqsulated Heavy Louvre
Light R = 90% 95% On 24/7 and

Picos 312 Heavy Sidefins

(Z7) Insulated

Source: Authors.

Table 32 - Worse solutions for extreme cooling dominated zones
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City Discomfort | Wall Roof % Aperture Local
(Zone) | (hours) Ventilation | Schedule Shading
Belém 930 Insulated
(Z8)
Picos Current State | Insulated 5% Occupancy No local

976 Insulated shading
(Z7)

Heavy

Source: Authors.

The combinations of greatest thermal discomfort both in Picos (976 hours) and in
Belém (930 hours) were with the insulated roof, with no window local shading,
openings of 5% for ventilation, restricted only to the occupancy period (Table 32).
Thence, it is important to reduce solar gains through windows, provide as much
ventilation as possible to maximize losses and avoid insulated roofs to allow heat to

be released by the super cool roof.

The common optimal solution of this group was considered: insulated wall, heavy
roof, windows open 24 hours a day with 95% openings for ventilation. Subsequently,
it was evaluated individually occupied hours in comfort and thermal balance of the
optimized model in Belém (Zone 8) and Picos (Zone 7) (APPENDIX E).

The thermal comfort optimization objective was reached only in Belém (Zone 8), with
maximum discomfort of 7.3% due to heat and in Picos (Zone 7) it was almost
reached, with 11.8% of discomfort. In Belém (Zone 8), the optimal solution obtained
provided an increase of 63.3% in hours occupied in comfort and in Picos (Zone 7),
60.8%.

Cooling Dominated Zones (4, 5 and 6)

Of the 3,072 maximum possible generations, 808 were sufficient according to the
algorithm to arrive at the optimal solutions. Occupied hours in thermal discomfort
ranged from 70 to 550. The 4 options of minimum discomfort values (70 hours) were
for the city of Goiania (Zone 6). There were 5 optimal solutions for Brasilia (Zone 4),
with 91 hours of discomfort and 5 for Santos (Zone 5) with 136 hours. In all three

cities, the optimal solutions involved supercool roof with 90% reflectivity and 5%
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ventilation openings (Table 33). The wall was the least influential variable in the

comfort results.

Table 33 - Optimal solutions for cooling dominated zones

City Discomfort | Wall Roof % Aperture
(Zone) (hours) Ventilation Schedule
Goiania Current State R = 70%
26) 70 Insulated R = 50% Occupancy
Insulated R = 30%
Light R = 10%
Current State R = 70% Heavy
Santos o1 Current State R = 30% R =90%
(25) Insulated R = 70% On 24/7
Insulated R = 30% 5%
Heavy R = 50%
Current State R = 30%
Brasilia Insulated R = 70% Current State
(Z4) 136 Light R = 50% R =90% Occupancy
Light R = 30%
Heavy R = 10%
Source: Authors.
Table 34 - Worse solutions for cooling dominated zones
City Discomfort | Wall Roof % Aperture
(Zone) (hours) Ventilation Schedule
Goiania 550 Insulated R = 70%
(26)
Current State R = 10%
423 Insulated R = 10%
Ség';os Light R = 70% |
Light R = 30% Light 5% Occupancy
Heavy R = 30% R =70%
Insulated R = 70%
Brasilia 372 Insulated R = 10%
(Z4) Light R = 30%
Heavy R = 50%

Source: Authors.

The combinations of greatest discomfort in all cities were with a light roof, with a 5 cm

concrete slab (550 hours in Goiania, 423 hours in Santos and 372 hours in Brasilia).

In Goiania (Zone 6) and Santos (Zone 5), the second most uncomfortable thermal

solution was the insulated roof, with 476 and 378 hours respectively (Table 34).

The optimal solution common to all cities in this group (composed of an insulated wall

R = 50%, heavy roof R = 90% and windows with 5% openings for ventilation) was

evaluated individually in the cities in relation to occupied hours in thermal comfort

Opening windows only during the occupancy in the simulation of Brasilia and 24/7

opening in Santos (Zone 5) and Goiania (Zone 6) were considered.
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The optimization objective was reached in all of the three cities, with more than 90%
of occupied hours in thermal comfort. The cities of Brasilia (Zone 4) and Santos
(Zone 5), which originally already had a high percentage of occupied hours in thermal
comfort (above 75%), had a less expressive increase of 16.8% and 16.7%
respectively. The city of Goiania (Zone 6) had a more significant increase in thermal
comfort after the optimization process (43%).

Heating Dominated Zones (1, 2 and 3)

Of the 4,608 maximum possible generations of the summer period, 1403 were
sufficient according to the algorithm to arrive at the optimal solutions. The hours of
thermal discomfort ranged from 23 to 439. The 7 options for minimum thermal
discomfort hours (23 hours) were for the city of Florian6polis (Zone 3). There were 4
optimal solutions for Nova Friburgo (Zone 2), with 63 hours of thermal discomfort and
4 for Caxias do Sul (Zone 1) with 115 hours. In the three cities, the optimal solutions
involved a roof with 70% reflectivity and 5% ventilation openings. In the three cities,
the wall was the least influential variable in the thermal comfort results. In the coldest
city, Caxias do Sul (Zone 1), ventilation should only occur during occupancy hours,
while in the other two (Nova Friburgo — Zone 2 and Florianépolis — Zone 3) it is more
interesting to keep the windows open for 24 hours. The heavy roof was suitable for
the two cooler cities while the original roof, which is slightly more insulated, was

better for the colder city.

Table 35 - Optimal solutions for heating dominated zones: Summer

City (Zone) Discomfort | Wall Roof % Aperture
(hours) Ventilation Schedule
Current State R = 30% | Current State
Light R =50% R =70%
P Light R = 30%
I(:ZI(;r;anopolls 23 Light R = 10%
Current State R = 30%
Heavy R = 30%
Heavy R = 50% Heavy
Nova Insulated R = 10% R =70% 5% On 24/7
. Light R =50%
'(:Z”Zb)“rgo 63 Light R = 30%
Light R =10%
Caxias do Current State R = 50%
sul Insulated R = 10% Current State
1) 115 Light R = 50% R =70% Occupancy
Heavy R = 10%

Source: Authors.
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Table 36 - Optimal solutions for heating dominated zones: Winter

159

City (Zone) Discomfort | Wall Roof % Aperture
(hours) Ventilation Schedule
Current State R = 30%
Current State R = 10%
Insulated R = 30%
FlorianépOIiS Insulated R = 10%
23) 118 Light R = 50%
Light R = 30%
Light R = 10% Current State
Heavy R = 50% R =70% 5% Occupancy
Heavy R = 10%
Nova Current State R = 10%
Friburgo 192 Light R = 30%
(£22) Heavy R = 10%
Caxias do Insulated R = 10% Insulated
Sul 278 Light R = 50% R = 70%
(21) Light R = 30%
Source: Authors.
Table 37 - Worse solutions for heating dominated zones: Summer
City (Zone) Discomfort | Wall Roof % Aperture
(hours) Ventilation Schedule
Florianépolis 413 Current State = 30%
(Z3) Insulated R = 30%
Nova Insulated R = 50%
Friburgo 420 Insulated R = 10% Occupancy
(22) Heavy R = 50% .
Heavy R = 30% Light 5%
Current State R = 50% R =10%
Caxias do 439 Current State R = 10% 2417
Sul Light R = 30%
(21) Heavy R = 30%
Source: Authors.
Table 38 - Worse solutions for heating dominated zones: Winter
City (Zone) Discomfort | Wall Roof % Aperture
(hours) Ventilation Schedule
Current State = 50%
Current State = 30%
Floriandpolis 419 Current State = 10%
(Z3) Insulated R = 30%
Light R = 50% Light 5% Occupancy
Light R = 30% R =10%
Heavy R = 30%
Current State R = 50%
Nova — 100
Friburgo 600 Current State R = 10%
22) Iqsulated R =50%
Light R = 10%
Current State R = 50%
Caxias do 704 Current State R = 30% Heavy 95% 24/7
Sul Light R = 30% R =70%
(21) Heavy R = 50%

Heavy R = 10%

Source: Authors.



4. RESULTS 160

The combinations of greatest thermal discomfort during summer and winter in all
cities were with a light roof, consisting of a 5 cm concrete slab (439 hours in summer
and 704 in winter in Caxias do Sul (Zone 1), 420 hours in summer and 600 in winter

in Nova Friburgo and 413 hours in summer and 419 in winter in Florianopolis).

The heavy roof is suitable in the summer for the cities of Florian6polis (Zone 3) and
Nova Friburgo (Zone 2), while for Caxias do Sul (Zone 1), the current state roof,
which is slightly more insulated, presents better results. In winter, more insulated roof
options (current state and insulated) are more interesting to avoid excessive losses.
Reflectivity of 70% was in all optimal roof solutions. The insulated walls, used in the
optimized models of the other climate groups, also adapt to the heating dominated

zones, with a reflectivity of 10%.

In order to maintain standardization of wall and roof compositions in all bioclimatic
zones and favor the replicability of the model, the heavy roof and insulated wall were
adopted, as well as cooling-dominated and extreme-cooling-dominated zones.

From the optimization results, the options with the fewest occupied hours in thermal
discomfort were selected. The optimal model in this group consists of an insulated
wall with 10% reflectivity, a heavy roof with thermochromic coatings (10/70% in
Caxias do Sul and 50/70% in Nova Friburgo and Florianépolis), 5% window opening
for ventilation. In Caxias do Sul (Zone 1), ventilation must only be during occupancy.
In Floriandpolis and Nova Friburgo, ventilation must be during occupancy in winter
and 24/7 in summer. The thermal discomfort of this composition was 24 hours in
summer and 122 in winter in Florianopolis (Zone 3), 63 in summer and 227 in winter

in Nova Friburgo (Zone 2) and 131 in summer in Caxias do Sul (Zone 1).

The target objective was reached only in two cities, with maximum of 4,4% of
occupied hours in thermal discomfort due to heat and 2,3% due to cold in Nova
Friburgo, 0,4% due to heat and 1,5% due to cold in Florianopolis. The cities of
Florianopolis (Zone 3) and Nova Friburgo (Zone 2), which originally already had a
high percentage of occupied hours in thermal comfort (above 75%), had a less
expressive increase of 15.5% and 16.8% respectively. The city of Caxias do Sul,
which originally had greater discomfort due to the cold, had more significant increase

in thermal comfort after the optimization process (34.3%).
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4.2.2 Heat Balance Results: Optimized 1-Classroom School Model

The optimal solution common to all cities was evaluated individually in relation to heat
balance. The detailed description and comparison of heat balances on typical
summer and winter days in all cities resulting from each material of roof and walls are
in APPENDIX H. Figure 48 shows the summary of annual, summer and winter days
heat balances Optimized 1 Classrom School.

Figure 54 - Summary of Optimized 1 Classroom School Heat Balance
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Source: Authors.

The daily thermal balance of extreme-cooling-dominated zones (7 and 8) shows that,
both in summer and in winter, the main factors responsible for thermal losses during
the day are: the ground floor (due to the grass cover of the ground adjacent to the
building), the wall and the roof covered by the super cool material. The ground floor
has a great influence on the thermal balance due to the horizontality of the building
and the larger area in contact with the ground. Ventilation is a heat loss strategy,
mainly in the morning and in winter, when external temperatures are not very high.
Specifically in Belém (Zone 8) during the winter, night ventilation provides thermal
losses during the night, quickly eliminating the heat accumulated during the day

inside the classroom.

The daily heat balance of cooling dominated zones (4, 5 and 6) shows that in
summer the ground is the main responsible for thermal losses, followed by roof and
walls. In winter, the roof excels in heat losses. In this case, the (original) grass cover
of the ground adjacent to the building and the super cool material on roof are the

most efficient cooling strategies.
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The daily heat balance of heating dominated zones (1, 2 and 3) shows that roof and
the ground floor are the main responsible for thermal losses. The variable reflectivity

of the thermochromic roof helps reduce thermal losses in winter.
4.2.3 Sensitivity Analysis Results

Next, sensitivity analysis that show the impact of passive solutions and cool materials
on thermal comfort are presented. Results of the influence of variables (roof, walls,
ventilation and shadings) of occupants thermal comfort in all the 8 climates are
illustrated in Figure 55 and findings of the effect of cool materials and reflectvities are
indicated in Figure 56. Detailed results of sensitivity analyzes in each bioclimatic
zone are in APPENDIX F. The results of the sensitivity analysis of Floriandpolis
(Zone 3) passive strategies and Caxias do Sul (Zone 1) reflectivities had Adjusted R-
Squared below 0.4, therefore, it is not possible to obtain definitive conclusions
regarding the most impactful variable.

Figure 55 - Impact of Variables on Thermal Comfort
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Source: Authors.

Figure 56 - Impact of Cool Materials and Reflectivities on Thermal Comfort
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Source: Authors.

The sensitivity analysis of the passive solutions in all cooling dominated zones (4 to

8: Brasilia, Santos, Goiania, Picos and Belém) shows that the roof coated by cool
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material is the most impactful element in comfort, followed by the percentage of

window openings for ventilation.

The sensitivity analysis of the passive solutions in heating-dominated zones shows
that in Nova Friburgo (Zone 2) as in previous climate groups, the roof paint is the
most impactful element in comfort, followed by the percentage of window openings
for ventilation. In Caxias do Sul (Zone 1), where there is greater thermal discomfort

due to cold, the percentage of window openings is more influential.

As the influence of cool materials of 90% of reflectivity on the thermal comfort of
extreme-cooling-dominated and cooling-dominated zones, their application on the
roof is extremely important for the adequate results and to provide the necessary
thermal losses in the extreme-cooling-dominated zones. In These cities, the cool
materials on the wall has little influence, as it receives a much smaller amount of
solar radiation and because it is associated with an insulated wall. However, in
extreme-cooling-dominated zones, wall reflectivities below 70% compromise the
achievement of the optimization objective. Therefore, although the reflectivity of the
walls is less impactful than the roof, they are also important for the final optimization

results.

As for the influence of cool materials and the reflectivity on the thermal comfort in
heating dominated zones, the results for Florianépolis (Zone 3) and Nova Friburgo
(Zone 2) are similar to those of the climate group analyzed previously: the reflectivity

of the roof has greater influence on results of thermal comfort than that of the walls.

4.2.4 Heat Balance Results: Roof and Wall Substrate Variations

The comparison of heat balance graphs resulting from the variation of only the roof
and wall substrates (original, light, insulated and heavy) in the optimized model in

each climatic group is shown below.

The summary of the performance of each composition in the three climate groups
(extreme cooling dominated, cooling dominated and heating dominated zones) are
represented in table format. For each group, the best composition was presented on

the left and the worst on the right.



4. RESULTS 164

Table 39 - Comparison of heat balances due to roof compaosition variations of 1 classroom

school
Group Zone Roof Type
Heavy |  Original Insulated Light
High thermal losses in the | Low thermal losses in | Low thermal losses in the
Extreme Z8 . : . . .
Cooling morning and aftgrnoo_n and | the morning apd low morning and high thermal gains
. low thermal gains in the | thermal gains in non- | in the afternoon. In Picos, the
Dominated 77 . : ; ; )
evening during the year. occupied hours during | afternoon thermal gains are
Zones . . N
the year. higher in summer than in winter.
High thermal losses in | Low thermal losses | In Summer, thermal losses only
Z6 . X ; ) ) . .
Cooling occupied hpurs QUrlng the QUrln_g occupied hours in Fhe morning and high ther_mal
. year, specially in winter. | in winter and only in | gains in the afternoon, specially
Dominated | zg h . : o A !
eavy roof provide more | the morning in | in Goiania (warmer city). In
Zones - . .
thermal losses in the | summer. Low thermal | winter, high thermal losses all
74 afternoon than the original | gains in non-occupied | times.
option. hours in summer.
Thermal losses in occupied | Low thermal gains in | High thermal gains in summer
. Z3 S . ;
Heating hours and thermal gains in | summer  and low | and high thermal losses in
Dominated | z2 the evening during the |thermal losses in | winter. In Caxias do Sul there is
Zones year. Thermal losses are | winter in the 3 cities. a greater variation in thermal
71 little higher with heavy roof. gains and losses during summer
occupancy hours.
Best Worse
Option Option

Table 40 - Comparison of heat balances due to wall composition variations of 1 classroom

school
Group Zone Wall Type
Insulated Heavy Original | Light

High thermal | Thermal losses in the | Thermal losses only in the morning and
Extreme Z8 . . . L . .
Cooling Iosse_s in the morning and afternoon an_d high thermal gains in the evening during

. morning and | significant thermal gains in | the year.

Dominated . :
Zones afternoon the evening during the year.

77 and low [ In  summer, almost no |In summer, thermal losses in the
thermal gains | thermal losses associated | morning, thermal gains in the afternoon
in the | with thermal gains during | and high thermal gains in the evening. In
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The highlights of the thermal behavior described in the tables can be observed in the
heat balance graphs below considering the optimized model of the school with
variations only in wall type and then only in roof type. Figure 57 shows variations in
wall type with an example of Goiania (Zone 6, Cooling-Dominated) on a Summer
Representative Day and Caxias do Sul (Zone 1, Heating Dominated) on a Winter
Representative Day. Figure 58 shows variations in roof type with an example of
Belém (Zone 8, Extreme-Cooling-Dominated) on a Summer Representative Day and
Caxias do Sul (Zone 1, Heating Dominated) on a Winter Representative Day. In all
cases, the insulated wall is the best solution due to small thermal gains in summer

and small losses in winter.

Figure 57 - Variations in Wall Type

Example of Goidnia Summer Wall Type Variation (Zone 6, Cooling Dominated) in a Summer Representative Day
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In extreme-cooling-dominated and cooling-dominated zones (4 to 8), the heavy roof
and insulated walls are the most favorable options, as they contribute to enhace
thermal losses during the occupied hours throughout the year. These substrates

facilitate heat losses through the opaque envelope, favoring thermal comfort.

The original roof composition is suitable for heating dominated zones (1 to 3), as it
provides thermal losses in the summer without excessive thermal losses in the
winter. However, the heavy roof is considered a more appropriate option due to the
following reasons: Brazilian public school projects are standardized and in previous
climate groups the heavy option was the most appropriate; Heating-dominated cities

represent only a minority of Brazilian territory.

Figure 58 - Variations in Roof Type
Example of Belém Summer Roof Type Variation (Zone 8, Extreme Cooling Dominated) in a Summer Representative Day
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Therefore, the ideal substrate of the standardized Brazilian school is heavy roof and

insulated external walls.
4.3 Non-Algorithm Simulations Results

The thermal comfort and heat balance results of the classroom in Picos (Zone 7), and

Caxias do Sul (Zone 1) after non-algorithm simulation are in APPENDIX G.

In Picos (Zone7), the external concrete floor coated with a cool material of 90%
reflectivity provided a small reduction in annual thermal gains due to the ground floor
and increased thermal losses mainly in the months of August and September, which
is the critical period of high temperatures in the city. The solution provided an
increase of 0.8 in occupied hours in comfort, which made it possible to achieve the
optimization objective of a maximum of 10% discomfort due to heat.

In Caxias do Sul (Zone 1), the external concrete floor with 30% reflectivity
significantly reduced thermal losses in winter (May to August), but caused thermal
gains in the summer period and increased heat discomfort mainly in December. In
this case, the optimization objective was achieved, but the occupied hours in thermal

comfort compared to algorithmic optimization rised only 0.2%.

In this heating dominated city, the option with 50% reflectivity provided more
satisfactory results: it did not cause thermal gains in summer and reduced thermal
losses through the ground floor in winter. This solution increased the occupied hours
in thermal comfort by 0.5% and the optimization objective was achieved, with
maximum discomfort due to heat of 4.4% and maximum discomfort due to cold of
9.4%.

4.4 Final Stage results

The synthesis of the optimal solutions of passive strategies for the standardized 1
classroom school and the final results of occupied hours in thermal comfort are

presented in Table 41.

In all cases, the objective of thermal comfort was achieved through a standardized

architectural model, easy to apply throughout the Brazilian territory. The compositions
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of the opaque and transparent envelope were the same for all cities. The small
architectural variations between the different climates were in surface finishes (cool
materials and reflectivities), window shading and external floor material adjacent to
the building.

Table 41 - Summary of Strategies and Comfort Results

Zone Annual Heat Discomfort (%) Wall Roof Reflectivity | Ventilation Aditonal Strategies
Annual Comfort (%) Reflectivity | (Winter/Summer) | (Winter/
. Summer)
Annual Cold Discomfort (%)
1 Occupancy Concrete ext. Ground
0,

4.4 86,2 9.4 10% 5% Aperture | R = 50%
2

4.4 93,3 22 10% 70% Occ;up. 21)/7
3 50% 5% 5%

0,4 98,1 1,5 Apert. | Apert
4 Occupancy None

q 2l i 5% Aperture
5 50% 90%

4.8 93,6 1,6 24/7
6 0 98 5 5% Aperture
7 10 90 0 Local Shading,

90% 90% 2417 ext. Ground R = 90%
8 73 92 7 0 95% Aperture | Local Shading a = 35°
and B = 20°

Source: Authors.

The interior walls of mortar and aerated ceramic block and the clear glass of the
windows originally proposed in the standardized design can be maintained in all

bioclimatic zones.

In all zones, ventilation is a strong recommendation for passive cooling, especially
during operating hours. The main difference in the indication of ventilation in each
region is the percentage of the window opening for ventilation: 95% for extreme
cooling dominated zones (7 and 8) and 5% for the other zones (1 to 6). In almost all

cases (zones 2 to 8), the heavy flat roof with a concrete slab is a suitable solution.

Zone 1, because of its lower temperatures, is the one that demands greater thermal
insulation of the envelope (wall and roof) and dark colors on the envelope for heat
absorption. Zones 1 to 3 need a thermochromic paint or dual color roof to provide
thermal comfort in summer and winter. Zones 4 to 8 show gradually longer periods of
heat and/or higher temperatures, thus they demand increased values of roof and wall

reflectivity.
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Even if window shadings are avoided to maintain original natural light conditions in
classrooms, they are necessary strategies for zones 7 and 8, in order to reduce solar
gains and heat discomfort. In these zones, supercool materials throughout the
envelope are also needed to provide more heat losses. Specifically in zone 7, it is
also necessary to cover the external ground with cool materials to decrease the
temperature of the surrounding air and enhance heat losses from the building floor

through contact with the ground.

The simulations show that the supercool materials offer significant cooling results in
the hottest cities, as long as they are applied to as many surfaces as possible (roof,
walls and surroundings) and associated with other passive cooling strategies. As
suggested by Pisello (2017), applying cool materials to the roof is the most significant
solution to prevent gains and enhance losses, as it is the area in closest contact with
solar radiation. The use of these resources can provide thermal comfort and at the
same time avoid the strong current trend of installing air conditioning in Brazilian
schools identified by Geraldi and Ghisi (2020). The results obtained in this thesis
considered cool paintings with high global reflectivity and high emissivity in all
climates, due to limitations of the DesignBuilder software. Therefore, it may be that
when using spectrally selective cool paintings in cases of real schools located in
zones 4 to 7 (characterized by predominant humidities below 80%) the cooling

effects are enhanced.

When comparing the optimal solutions obtained with the ABNT (2005a) constructive
recommendations, it is noted that the general solutions proposed in the residential
regulations are favorable to achieve thermal comfort also in educational buildings,
such as: passive solar heating in cold climates; light colors and enhanced ventilation
in warmer cities. However, different to the normative recommendation, the
optimization research shows that in schools it is possible to achieve adequate
thermal comfort in all zones only with passive strategies, without artificial heating or

cooling.

4.5 Transformation of Optimized Schools in ZEB

The results of the transformation of the optimized 1 classroom schools into ZEB are

described below.
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4.5.1 Simplified Design of PV System
Monthly Loads Sizing

The power density of the electrical equipment in the classroom was based on Lopes
(2020) and of other spaces on Geraldi and Ghisi (2020). The FNDE (2023) building
areas and the occuppancy suggested by the Ministry of Education (GERALDI; GHISI,
2020) were considered: 22 working days in operational months (March to June and
August to December). The monthly loads sizing of the schools is detailed on Table
42. Given that FNDE's standardized 1 classroom school does not include air
conditioning, the loads only refer to plugs and lighting. Since the occupancy pattern
was assumed to be the same in all schools, the monthly loads are equal for all cities.

Table 42 - Monthly Loads Sizing

Subspace Name 1 classroom
1 Classrooms 624 W
2 office rooms 654.85 W
3 kitchen 64 W
4 bathroom 64 W
5 aisles or
courtyard 128 W
6 Library -
7 Computer or
Multiuse lab -
Total Installed Power 1534.85 W
Total Monthly Loads 270.13 kWh

Source: Authors.
Photovoltaic System Dimensioning

Table 43 describes the PV system dimensioning from the Neosolar online calculator.

Table 43 - Photovoltaic System Dimensioning

Location Loads .System Modqles Estimated A_nnual Energy | Required
(kWh/month) | Size (kWp) | Required Production (kWh) Area (m?)
Belém — PA (Zone 8) 2.01 7 2715 14.08
Picos — PI (Zone 7) 1.74 6 2724 12.2
Goiania — GO (Zone 6) 181 7 2719 12.64
Santos — SP (Zone 5) 27013 2.07 8 2717 14.47
Brasilia — DF (Zone 4) ' 1.83 7 2717 12.78
Florianépolis — SC (Zone 3) 2.08 8 2717 14.53
Nova Friburgo — RJ (Zone 2) 1.91 7 2714 13.37
Caxias do Sul - RS (Zone 1) 1.90 7 2731 13.30

Source: Authors.

To favor standardization, the highest quantity of PV modules (8) was considered in

simulations for all cities.
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4.5.2 Energy Balance Achievement

In all bioclimatic zones there is a significant production of energy without any
consumption in the months of January, February and July, due to the school recess
period. As kitchen refrigerators and freezers were not considered in the school's

loads, there is no representation of baseline energy consumption in the graph.

The Figure 59 presents the positive energy balance of the school of 1 classroom in

all brazilian bioclimatic zones.

Figure 59 - Energy Balance Achievement Analysis of Optimized 1 Classroom School
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Source: Authors.

All schools were above the dashed line, with annual final energy (electricity
consumption) of 28.53 kWh/m2. The cities that showed the highest production of
electrical energy by the PV System were Brasilia (15.78° South), Goiania (16.68°
south) and Picos (7.09° South). The first two are in latitudes close to the inclination

angle of the modules (15°).

4.6 Thermal Resilience and Passive Survivability Analysis

Figure 60 below provides a summary of the analysis graphs that constituted the
thermal resilience and passive survivability evaluation: thermal comfort in TMY, 2050
and 2080; Passive Autonomy, Vulnerability and Dangerous Heat; Heat Intensity and

Severity.
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Figure 60 - Thermal Resilience and Passive Survivability Results
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Thermal Comfort in TMY, 2050 and 2080

In the current state school model, the normative requirements of a maximum of 10%
discomfort due to cold or heat were not achieved in any of the zones, neither in TMY
nor in 2050 and 2080. In all climates, the occupied hours in heat discomfort increase
over the years, while cold discomfort in heating-dominated zones decreases, as
evidenced in studies with future weather data by Mehmood et al. (2022). In the 2050
and 2080 weather scenarios, 7 out of 8 zones exhibit higher percentage of occupied
hours in heat discomfort than in cold discomfort. In 2080, Zone 6 (Goiania-GO) is
classified as extreme-cooling-dominated (with more than 70% of hours occupied by
heat discomfort), and Zones 7 and 8 (Picos-Pl and Belém-PA), which originally had

more than 70% heat discomfort, exceed 90%.

Considering the optimized school model on the TMY scenario, the optimization
process favored compliance with Brazilian normative requirements for occupied
hours in thermal comfort without the use of artificial air conditioning and all zones had
a maximum of 10% of hours occupied in discomfort due to cold or heat. In 2050, only
two cases (Florianépolis — Zone 3 and Brasilia — Zone 4) still maintained suitable
thermal comfort conditions exclusively with passive cooling. In 2080, in none of the
cases would it be possible to meet normative requirements. However, even with the
increase in heat discomfort over the years compared to the current state school
model, the optimized model showed a lower percentage of discomfort due to heat

and cold in all zones in the three weather scenarios.

The results of hours occupied in thermal comfort and discomfort in TMY, 2050 and
2080 show that the distribution of zones and the climatic grouping of heating-
dominated, cooling-dominated and extreme-cooling-dominated zones proposed
based on the thermal performance of the current state standardized school model in
TMY do not hold in 2050 and 2080. There is a strong trend of increasing heat
discomfort over the years, leading to a reduction in buildings classified as heating-
dominated and an increase in cooling-dominated and extreme-cooling-dominated
buildings. Therefore, Brazilian schools that currently require heating strategies will

see a reduced demand and buildings will increasingly need more cooling strategies.
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The optimized schools that initially had high percentages of hours occupied in
comfort in TMY had these percentages reduced over the years. Although the
optimized model had higher percentages of hours occupied in comfort than the
current state model, it was not sufficient to meet the requirements of Brazilian
regulations for buildings relying solely on passive cooling. Therefore, in the
hypothesis of implementing the optimized school model proposed in this thesis, it is
important to consider that while a high percentage of hours occupied in thermal
comfort is possible today, in the medium and long term, artificial air conditioning will

be necessary.

Frequency of Passive Autonomy, Vulnerability and Dangerous Heat

In the TMY weather scenario of the current state school model, there is favorable
passive autonomy exceeding 90% of the hours occupied in heating-dominated
zones. In contrast, the extreme-cooling-dominated zones show unfavorable
conditions, indicating an alert situation: 75.2% of hours occupied in Heat Vulnerability
in Zone 7 (Picos-Pl) and 80.2% in Zone 8 (Belém-PA). In the 2050 and 2080 weather
scenarios, the percentages of hours occupied in Heat Vulnerability increase in all
cities, reaching over 90% in zones 7 and 8. In 2080, there is a frequency of 97.2% of
hours occupied in Heat Vulnerability in Zone 7 (Picos-Pl) and 94.4% in Zone 8
(Belém-PA). Finally, in the current state school model, there is no significant
percentage of hours occupied in dangerous heat in TMY, but dangerous heat
becomes slightly more significant in Zone 8 (Belém-PA) in 2080, with 2.7% of hours
occupied.

Considering the optimized school model, over 90% of the hours occupied in passive
autonomy occur in 6 out of 8 zones in the TMY weather scenario. The extreme-
cooling-dominated zones (7 and 8) present the most significant percentages of heat
vulnerability (37.8% and 43.2%, respectively), and similar to the current state school
model, there is no significant percentage of occupied hours in dangerous heat in any
of the zones in this weather scenario. In both 2050 and 2080, in most zones, the
optimized school model has higher passive autonomy than the current state model

(except in zones 6, Goiania - GO and 7, Picos — PI in 2050). Despite the more
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favorable percentages of passive autonomy in the optimized school model, there was
a more significant increase in the percentage of occupied hours in dangerous heat
over the years than in the current state models. Compared to TMY, in 2050, there
was an increase of over 10% in dangerous heat in Zone 7 (Picos-Pl) and in 2080, an
increase of over 4% in Zone 6 (Goiania — GO), over 21% in Zone 7 (Picos — PI) and
over 7% in Zone 8 (Belém — PA).

These data show that the design of the current state school model results in greater
fluctuations in internal temperatures with external climatic variations, leading to more
frequent conditions of heat vulnerability. However, in cases of extreme temperatures,
the building can dissipate internal heat more easily. On the other hand, optimized
buildings show less fluctuation in internal temperature, providing greater passive
autonomy. Nevertheless, at times, there is a higher accumulation of heat that is not

released quickly, making uninhabitable conditions more recurrent.

Heat Intensity and Severity

In the analysis of heat intensity and severity during a hot week in the TMY weather
scenario of the current state school model, situations outside the conditions of
passive survivability are observed in two zones. There are dangerous heat intensity
and severity in Zone 8 (Belém - PA), with temperatures frequently in heat
vulnerability and peaks of 40°C SET. In 2050 and 2080, these conditions become
increasingly concerning, with even higher temperatures and more consecutive hours
of heat exposure. In the hot week in Zone 7 (Picos-Pl), considering the TMY weather
scenario, temperatures fluctuate between the passive autonomy range, heat
vulnerability and dangerous intensity, but temperatures exceeding 40°C SET are the
most worrisome condition. Although the current state model maintains acceptable
cumulative exposure time to heat in 2050 and 2080, the temperature peaks are
increasingly higher than 40°C SET. In all other zones, it was possible to meet

passive survivability criteria.
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In all zones, the optimized school model provides passive survivability in the TMY
scenario. Additionally, this school model provides lower temperature variations over a
hot week, leaving internal temperatures more stable. However, temperature peaks on
specific days were more intense in the optimized model than in the current state
model, which ended up increasing, although within acceptable limits, the Cumulative
°C SET-hours in 2080 in Zone 6 (Goiania — GO), Zone 5 (Santos — SP), Zone 2
(Nova Friburgo — RJ), and Zone 1 (Caxias do Sul — RS). The most concerning
occurrences regarding temperature peaks were an increase in the frequency of
critical exceedance (>40°C SET) of dangerous heat and compromised passive
survivability due to dangerous intensity in one zone in 2050, Zone 7 (Picos — PI), and
in three zones in 2080: Zone 6 (Goiania — GO), Zone 7 (Picos — PI), and Zone 8
(Belém — PA).

Regarding the maximum annual SET intensity indicator, there is an increase over the
years in both the current state school model and the optimized school model due to
climate change and global warming. In all cases of the TMY weather scenario, the
optimized school model provided positive results, with maximum SETs equal to or
lower than the current state school model. On the other hand, maximum SETS in
2050 and 2080 were higher in 4 out of 8 zones: Zone 6 (Goiadnia — GO), Zone 4
(Brasilia — DF), Zone 2 (Nova Friburgo — RJ), and Zone 1 (Caxias do Sul — RS).

Overall, the results of thermal resilience indicators show that the optimized model
ensured the passive survivability of schools in all bioclimatic zones in the TMY,
significantly increased passive survivability in current and future climatic conditions.
However, there was an increase in the percentage of dangerous intensity of
Standard Effective Temperatures, with values above 40°C SET. While in 2080, the
current state school model has compromised passive survivability in two cities, one
due to dangerous intensity and severity, and the other only due to dangerous
intensity, in the optimized school model, three cities show compromised passive
survivability only due to dangerous intensity, due to higher and more frequent annual

maximum temperatures.

In this case, it would be possible to adopt two approaches: a new optimization
process or resizing the PV System to accommodate an artificial conditioning system
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to maintain safe and more comfortable internal temperatures. In the case of this

thesis, the second possibility was considered.

PV System Resizing and Comparison of Loads and Energy Production

The cities with the highest cooling loads in 2080, calculated by the Design Builder,
guided the resizing of the PV System for each climatic group. The highest cooling
loads were observed in the following zones: Zone 3 (Florianépolis — SC) from the
heating-dominated group, Zone 5 (Santos — SP) from the cooling-dominated group,
and Zone 8 (Belém — PA) from the extreme-cooling-dominated zones. An increase of
6.3% in the PV System for the heating and cooling-dominated zones and 18.8% for
the extreme-cooling-dominated zones was necessary. The additional photovoltaic
modules facilitated a positive energy balance in 2050 and 2080 (Figure 61), when
artificial conditioning is required to prevent heat discomfort and ensure passive
survivability. The system's resizing also enabled monthly electricity production that
meets the monthly cooling loads depicted in the DesignBuilder outputs, detailed in
APPENDIX O.

Figure 61 - Final Energy Balance in Optimized 1 Classroom School in TMY, 2050 and 2080
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Therefore, it is concluded that the backup power provided by the additional PV
system enhances the thermal resilience and the passive survivability of the
standardized 1 classroom schools and their capacity for absorption and autonomy in
relation to the public electricity grid by meeting the demand for critical HVAC loads,
even during power outages coupled with extreme temperature conditions when
passive measures may not be sufficient, as advocated in the studies by Hong et al.
(2023).

5. CONCLUSIONS

Buildings with a net-zero energy balance or positive energy balance are
characterized by high energy efficiency, achieved through passive climate control
strategies and efficient equipment (CABEZA; CHAFER, 2020). These buildings
generate the same amount of energy they consume by utilizing renewable sources
(SARTORI; NAPOLITAN; VOSS, 2012; LIU et al., 2019).

One effective passive strategy contributing to this efficiency is the use of cool
materials that are highly effective passive solutions that have gained prominence in
recent years in international research to improve indoor and outdoor environmental
comfort and reduce energy consumption. Moreover, supercool materials offer extra
benefits when applied to Zero Energy Buildings (ZEBs) or Positive Energy Buildings
(PEBs) equipped with a photovoltaic system on the roof. These materials lower the
roof temperature, decrease the surrounding air temperature and enhance the
reflected radiation reaching the modules, promoting heightened efficiency and local
energy generation (VASILAKOPOULOU et al., 2023). These materials are
characterized by high values (above 90%) of reflectivity and emissivity. The most
currently tested in research are thermochromic for mixed climates, high global
emissivity for hot and humid climates and high emissivity at specific wavelengths

(also called spectrally selective) for hot and dry climates.

There are several types of cool materials, which are available in different forms as
dyes, with simplified application; as in films or flat surfaces, which can be coupled to
a substrate, with relatively simplified application; or as complex structures, with a

sophisticated and expensive manufacturing process.
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The choice of the most suitable option must be made individually for each case,
considering the physical-chemical characteristics of the materials, forms of
application, durability and mainly climatic configurations. Thermochromic materials
suffer from aging problems and lose their reversibility after weeks. The average
durability of the other materials was not mentioned in the articles chosen by the
method of systematic literature review proposed, therefore, it is a topic that can be
investigated in more depth in future studies. In the case of standardized Brazilian
public schools, paints are the most recommended due to their ease of application

and maintenance.

Considering the brazilian climatic context and the 8 Brazilian zones defined by ABNT
(2005a), it is possible to identify three main groups for which different cool materials
are recommended. For zones with normative heating strategies (Zones 1 to 3),
thermochromic materials are suggested. For zones with low to medium humidity and
more indications of normative cooling strategies (Zones 4 to 7), high spectral
reflectivity and high emissivity materials in the atmospheric window are advised. In
the high humidity city with only normative cooling recommendation (Zone 8), High

Spectral Reflectivity and High Broadband Emissivity materials are suggested.

Among the options identified as most suitable, only high spectral reflectivity and high
broadband emissivity paints are produced nationally. According to the research
results described in this thesis, these supercool paint options have competitive prices
compared to conventional acrylic paints for external building surfaces, with the
additional advantage of optical properties that minimize heat transfer to indoor
spaces, increase building resistance to overheating, reduce the need for artificial
cooling and consequently lower the financial and environmental costs of building
operation. These positive aspects make Brazilian supercool paints a favorable choice

for public buildings in predominantly hot climates.

According to the results of questionnaires applied by Geraldi and Ghisi (2020), there
is a high dissatisfaction among users regarding temperature, especially in the hottest
months (February to April and October to December). Schools with higher levels of
satisfaction tend to have a higher average Energy Use Intensity (EUI) due to the use
of air conditioning. Those with lower EUI and seemingly more efficient systems do

not provide adequate thermal comfort conditions to users (GERALDI; GHISI, 2022b).
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This situation contradicts international guidelines for reducing energy consumption
and mitigating the effects of climate change, which emphasize the use of passive
strategies and distributed generation of renewable energy (GERALDI; GHISI, 2022a).

Given the high discomfort percentages due to heat in the hottest regions of current
Brazilian public schools, there has been a significant surge in energy consumption for
cooling and air conditioning. Consequently, there arises an urgent necessity to adapt
standard architectural projects to address this challenge. Achieving the
transformation of standardized FNDE schools into a positive energy balance, with a
special emphasis on avoiding the use of artificial air conditioning, represents a bold
objective in this thesis. Realizing this goal demands the implementation of effective

solutions for passive air conditioning and ensuring the comfort of the occupants.

FNDE financial transfers are made through programs and agreements. The two
programs currently in force for school construction are the National Program for
Restructuring and Acquisition of Equipment for the Public School Network of Early
Childhood Education — Proinfancia and the Plan of Articulated Actions — PAR (FNDE,
n/d). There are currently 5 types of complete school projects from the PAR program
and 2 types from the Proinfancia program (7 models in total) that can be summarized
in three groups: rectangular-shaped, multi-buildings and H-shaped. The Proinfancia
schools are for infants (0 to 6 years old), and the PAR models are intended for
elementary and high school (7 to 17 years old) (FNDE, n/d).

The standardized projects provided by FNDE were developed after 2007 and
incorporate various recent construction guidelines to ensure minimal thermal
performance suitable for the entire country. However, as identified in other research
on Brazilian public schools (GERALDI; GHISI, 2020; GRACA; KOWALTOWSKI,
PETRECHE, 2007), these standardized architectural projects do not include user
participation, do not prioritize environmental comfort, lack design simulations and
optimizations and have infrequent post-occupancy studies for performance
evaluation. Due to these factors, the current school models do not provide adequate
thermal comfort to occupants, as demonstrated in this thesis through thermal comfort

simulations of the current state of a 1 classroom school of rectangular shape.
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In accordance with the Inmetro Normative Instruction for the Classification of Energy
Efficiency of Commercial, Service and Public Buildings — INI-C/2021, naturally
ventilated buildings without artificial conditioning systems must provide a percentage
of occupied hours in thermal comfort equal to or greater than 90% during the
building's use hours, with a maximum tolerance of 10% for heat discomfort
(ELETROBRAS et al., 2021). According to the simulations in this thesis, only 3
(Zones 1, 2 and 3) out of the 8 Brazilian bioclimatic zones meet these regulatory
requirements. Although these 3 zones have a low percentage of hours occupied in
heat discomfort, all of them have more than 10% of occupied hours in cold
discomfort. In all bioclimatic zones, the roof is a significant source of annual heat gain
and should be a priority for intervention. In Zones 1, 2 and 3, excessive thermal
losses due to ventilation are the primary cause of discomfort during winter in colder

cities, necessitating control measures.

Due to the identified deficiencies in the current standardized 1 classroom school
project, an optimization process was conducted using computer simulations with
DesignBuilder, with and without the JEA algorithm. The primary objective was to
achieve thermal comfort, with a maximum tolerance of 10% of hours occupied in heat
discomfort (as suggested by INI-C/2021) and 10% of hours occupied in cold
discomfort. No changes were proposed to the architectural geometry (floor plan)
design and window-to-wall ratio to avoid significant alterations to the standardized
architectural project. Other parameters were also held constant, including the
composition of the internal ground floor, internal partitions and the transparent
envelope (type of window glass). Various thermophysical properties for the roof and
walls were evaluated, including the compositions of the current model, insulated
compositions (with high thermal resistance), light compositions (low thermal
resistance and low thermal capacity) and heavy compositions (high thermal
capacity). Reflectivity ranged from 10 to 90% depending on the climate group.

The results of the optimization process prove that a completely equal building is not
possible for all zones due to the climatic particularities of each region of Brazil.
However, it is possible to achieve objective of thermal comfort through a
standardized architectural model, easy to apply throughout the Brazilian territory, with
only few adaptations in each bioclimatic group (extreme cooling dominated zones,
cooling dominated zones and heating dominated zones).
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The FNDE's standardized model for public schools can be used to meet the high
demand in the Brazilian context while promoting occupant thermal comfort and low
energy consumption without the use of artificial climate control. This model should
have a heavy flat roof and insulated walls, retaining the original characteristics of
geometry (floor plan), window-to-wall ratio, window type (casement), window glass
type (simple clear glazing) and adjacent grassy outdoor areas. The heavy roof and
insulated walls are suitable substrates mainly in cooling dominated cities as they
result in significant thermal losses throughout the occupancy period. It is emphasized
that this optimal solution found for the envelope, despite differing from the
suggestions of Brazilian normatives, was the composition that exhibited the best
performance in conjunction with the other evaluated passive strategies (supercool

coatings, ventilation and window shadings).

However, minor adaptations are required for each bioclimatic region, such as the
reflectivity of the finish, schedule and percentage of window openings for ventilation.
Schools located in extreme climatic conditions require additional passive strategies:
for cities with a greater cold discomfort (Zone 1), moderately reflective external
concrete floors (50%); and for cities with greater heat discomfort, local window
shading (Zones 7 and 8) and supercool external floors (Zone 7).

Among all the passive strategies tested, the supercool material is one of the most
effective passive strategies for cooling, especially when applied to the roof. The
higher the reflectivity of the roof, the lower the need for thermal insulation in cooling-
dominated cities to prevent solar radiation heat gain, as already stipulated in the
Brazilian performance standard for residential buildings (ABNT, 2021). In schools
located in extremely cooling-dominated zones, low thermal insulation of the roof
covered with supercool material is essential to facilitate thermal losses from the heat
generated by the high occupancy of classrooms. In colder zones, a roof with higher
insulation (like the original roof model) is more suitable to prevent thermal losses in
winter, but a high thermal inertia roof is satisfactory and enables occupant thermal

comfort.

As previous international studies have suggested (PISELLO, 2017), applying cool
materials to the roof is the most significant solution to prevent gains and enhance

losses, as it is the area in closest contact with solar radiation. Although the roof is the
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most important intervention element, especially in hotter cities, aditional passive
strategies are also important to ensure adequate comfort without artificial
conditioning: appropriate window opening percentages and schedules for ventilation;
appropriate transmittance, thermal capacity and reflectivity of the walls; and, in
extreme cooling dominated zones, local window shadings. In 7 of 8 brazilian
bioclimatic zones, the second most impactful passive strategy is the natural
ventilation. In Zone 1, the coldest zone, natural ventilation has a greater impact due

to the higher thermal loss control requirements to ensure comfort.

The hotter the city, the larger the window openings should be to maximize thermal
losses, and the colder the city, the smaller the openings should be. The reflectivity of
the roof and, especially, the walls should decrease as the city's latitude increases
and air temperatures are predominantly lower. As suggested by ABNT (2005a), low
reflectivity favors winter heat gains. In heating-dominated Brazilian zones (1, 2 and
3), therefore, thermochromic coating on the roof to provide winter gains and summer
thermal losses and dark walls to accumulate heat in winter when solar radiation
strikes the north facade are advised. In extremely hot cities, the reflectivity of the
walls is much less influential than the reflectivity of the roof but is essential to meet
the thermal comfort requirements of the Brazilian standard for naturally air-
conditioned public buildings.

Following the optimization study, it was possible to ensure thermal comfort in the
standardized 1 classroom school model of FNDE solely through passive strategies,
allowing for a perspective of low energy consumption in the school. Due to this
reduced energy demand (which only refers to lighting and equipment), only a few
photovoltaic modules were required and the school easily achieved a positive energy

balance in all bioclimatic zones.

There are various definitions of net-zero and positive energy balance, depending on
geographic limits (building, neighborhood, or district) and the location of energy
production (DERKENBAEVA et al., 2022). The ideal conditions for compatibility
between these strategies include on-site energy production with photovoltaic panels
on building facades, on non-occupied room roofs, within the land boundaries using
multiple renewable sources, or off-site energy production by neighboring buildings,
serving as renewable energy hubs within the neighborhood or district.
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In the context of public schools standardized by FNDE, the building's geographic
boundary is more suitable, ensuring a positive energy balance regardless of the
neighborhood or local urban context. Connecting the system to the electrical grid is
advisable in the Brazilian context due to favorable legislation that allows for energy

exchange with the grid in conversion for energy credits.

Considering the importance of current buildings being prepared for climate change
and future extreme events, this thesis assessed and proposed various adaptations to
the current state 1 classroom standardized school to enhance the building's thermal

resilience and passive survivability, as well as increase occupant comfort and safety.

Among the thermal resilience and passive survivability characteristics mentioned by
Krelling et al. (2023), this thesis, through the optimization process, suggested
strategies to reduce vulnerabilities related to thermal comfort. The study also
demonstrated, through the application of supercool paintings and the implementation
of a positive energy balance with a PV system, a potential increase in adaptability,
flexibility and smartness. This ensures that the building is ready to meet possible
additional cooling demands in the context of future climate change (KHAN et al.,
2022; ZHANG et al., 2021). Moreover, the combination of supercool paintings with
other passive strategies and the PV system facilitates mitigation, minimizing the use
of artificial conditioning and associated emissions. Lastly, the PV system sized to
meet potential future artificial conditioning demands enhances resistance and

robustness, avoiding failure situations and overheating risks.

The results of the thermal resilience and passive survivability performance analyses
of the current state standardized school model and the optimized model reveal that
the proposed distribution and climatic grouping based on the thermal performance of
the standard model in the TMY weather scenario do not hold in 2050 and 2080.
There is a clear trend of increasing discomfort due to heat over time, indicating a
reduction in buildings classified as heating-dominated and an increase in those
classified as cooling-dominated and extreme-cooling dominated. This suggests that
Brazilian schools, which currently require strategies for thermal loss control, will see

this demand decrease, while cooling strategies become increasingly essential.
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The results demonstrate that optimized schools, which initially showed very high
percentages of occupied hours in thermal comfort during the Typical Meteorological
Year — TMY, experienced a reduction in these percentages over the years (2050 and
2080). Despite the optimized model having higher percentages of thermal comfort
hours compared to the current state model, it was insufficient to meet Brazilian
regulatory requirements for buildings relying solely on passive climate control.
Therefore, in the hypothetical implementation of the proposed optimized school
model in this thesis, it is important to acknowledge that, even though a high
percentage of hours in thermal comfort is achievable today, artificial conditioning will

become necessary in the medium to long term.

These findings align with previous research, suggesting that cooling solutions with
low energy consumption, effective under current conditions, may not perform
optimally in the future or during extreme events like heatwaves or power outages
(Mehmood et al.,, 2022; Zhang et al., 2021). Hence, based on arguments from
Krelling et al. (2023), Mehmood et al. (2022) and Cirrincione, Marvuglia and
Scaccianoce (2021), future research is recommended to optimize the
thermoenergetic performance of buildings and thermal resilience, incorporating
meteorological data covering urban microclimates, extreme conditions, heatwaves,

cold waves and future projections to plan more adequate solutions in the long term.

Regarding thermal resilience and passive survivability results, the optimized model
ensured passive survivability in all bioclimatic zones during the TMY and significantly
improving passive autonomy in current and future climatic conditions. However, there
was an increase in the percentage of dangerous intensity of Standard Effective
Temperatures, surpassing 40°C SET. In contrast to the current state school model
having compromised passive survivability in 2080 in two cities due to dangerous
intensity and severity, the optimized school model exhibited compromised passive
survivability in three cities solely due to dangerous intensity, attributed to higher and

more frequent annual maximum temperatures.

This indicates that the design of the current state school model induces greater
internal temperature oscillation with external climatic variations, leading to more
frequent heat vulnerability conditions. Conversely, optimized buildings exhibit lower

internal temperature oscillation, providing greater passive autonomy. Nevertheless, at
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times, there is a more significant heat accumulation that is not rapidly dissipated,

resulting in recurring inhabitable conditions.

To prevent cases of dangerous intensity of Standard Effective Temperatures, meet
the electricity demand of an artificial conditioning system for safe and comfortable
internal temperatures and maintain a positive energy balance in future climatic
conditions (2050 and 2080), this thesis proposes resizing the PV System based on
the city with the highest cooling loads in each climatic group. A 6.3% increase in the
PV System is required for heating and cooling-dominated zones and an 18.8%
increase for extreme-cooling-dominated zones. Aligned with Hong et al. (2023), the
backup power provided by the additional PV system positively enhances the
building's thermal resilience and its capacity to absorb and operate independently
from the public electricity grid by meeting critical HVAC loads, even during power
outages coupled with extreme temperature conditions when passive measures may

prove insufficient.
Among the limitations of this thesis, the following points are noteworthy.

Just like in other studies, the computer simulations do not take into account the
surroundings (GERALDI; GHISI, 2022a). Considering that this is a standardized
public school project replicated in various regions and urban contexts, it would be
interesting to conduct a future study of typical urban environments that could be
considered in the computer simulations to more accurately demonstrate the thermal

performance of Brazilian public schools.

EnergyPlus, which is the most commonly used software in studies of cool materials in
buildings, is the software used in this thesis. It is known for dynamically solving the
mass and energy balance of all environments within a building in response to
external conditions, internal loads and occupant behavior, accurately representing
heat transfer phenomena on external surfaces (BANIASSADI; SAILOR; BAN-WEISS,
2019). However, this tool does not allow for the inclusion of data on the spectral
variation of emissivity of cool materials, which is mainly present in spectrally selective
materials. This limitation can lead to errors in the calculation of surface temperature
and sensible heat flux (BANIASSADI; SAILOR; BAN-WEISS, 2019). This means that

in bioclimatic zones 4 to 7, where the use of spectrally selective materials is
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recommended, the results obtained in this thesis for cooling schools through thermal
envelope heat losses may have been underestimated.

Future research is recommended:

e Studies of cool materials and substrates suitable for other building typologies
and environments with different thermal requirements and behaviors
compared to the studied context. This includes spaces with lower occupancy
that do not experience significant internal heat gains like classrooms,
commercial buildings with shorter periods of occupancy and residential
buildings with higher nighttime occupancy;

e More refined studies on the thermoenergetic performance of Brazilian public
schools considering the urban context, which influences meso and
microclimatic conditions, such as shading, increased ambient temperature and
wind blockages;

e Assessments of the cooling effects of supercool coatings in standardized
optimized school models on the microclimate of the urban surroundings,
aiming to understand additional benefits of this passive technique beyond
cooling the building itself;

¢ More detailed cost-benefit analyses of others optimal passive strategies found
in this thesis for standardized Brazilian public schools, applicable to other
building typologies;

e Optimization studies for other types of standardized schools with more
complex shapes, which may exhibit different thermoenergetic behaviors
compared to the identified rectangular 1 classroom school;

e Multiobjective optimization studies that, in addition to thermal comfort, also
consider lighting comfort, costs, and CO2 emissions;

e Analyses of additional strategies for nighttime passive building climate control,
such as the use of geothermal heat exchangers and thermal inertia with phase
change materials — PCMs;

e Evaluations of additional passive ventilation strategies, alternatives to artificial
conditioning, enhacing passive survivability of standardized Brazilian public

schools and occupant safety in 2050 and 2080;
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o Optimization of standardized Brazilian public schools in future climate
scenarios to examine the most effective passive solutions both in the current
and long-term perspectives, not solely based on current conditions;

e Thermal performance analyses of current state and optimized standardized
Brazilian public schools in other IPCC climate scenarios, more optimistic and

pessimistic than the SSP3-7.0 considered in this thesis.
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APPENDICES

The appendices are organized into 15 parts:

A: Architectural data of FNDE standardized 1 classroom public schools;

B: Climate Characterization Maps;

C: Shading Dimensioning for Belém — PA (Zone 8) and Picos — Pl (Zone 7);

D: Thermal Comfort and Heat Balance of Current State 1 Classroom School,

E: Thermal Comfort and Heat Balance of Algorithm Optmized 1 Classroom Schoaol,

F: Sensitivity Analysis Results of Optmized 1 Classroom School;

G: Thermal Comfort and Heat Balance of Non-Algorithm Optmized 1 Classroom
School;

H: Heat Balance Results of Roof and Wall Type Variantion;

I: Data used in computer simulations;
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J: Sunpath studies to avoid shadings on PV System;

K: Annual loads and local energy production;

L: Thermal Comfort of Current State 1 Classroom School in 2050 and 2080;

M: Thermal Comfort of Optimized 1 Classroom School in 2050 and 2080;

N: Results of Passive Survivability: Degree Hour (°C SET-hr) Limits Compliance

O: Annual loads and local energy production to maintain Passive Survivability in 2050
and 2080.

APPENDIX A

All drawings in this appendix were made available by FNDE (n/d), regarding to the 1

classroom school, chosen to this thesis.

External View: 1 Classroom School Floor Plan: 1 Classroom School
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Facades: 1 Classroom School



FACHADA 1
ESCALA 150

FACHADA 3 FACHADA 4
ESCALA 1/ ESCALA 1/50

207



208

APPENDIX B

Belém (PA) —Zone 8 Souce: ClimateConsuttant (2021).

*January, February and July
are vacation period in
Brazilian public schools.

Temperature and Radiation Averages Ground Temperature
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LEGEND INTERPRETATION
OryBuid  * Most frequent winds are northeast of 2 to 5 m/s. Belém is hot and humid (air temp. 24 - 38 *Cand RH >
m’m 70%). The second half of the year is warmer, with more direct solar radiation and slightly lower relative
B humidity. Temperature peaks and relative humidity troughs are around 4 pm. Ground temperature is
e e always closeto 27 degrees, with a slight drop inthe middle of the year.
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Picos (Pl) —Zone 7 Souce: ClimateConsuttant (2021).

*January, February and July
are vacation period in
Brazilian public schools.

Temperature and Radiation Averages Ground Temperature
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LEGEND INTERPRETATION
OryBuin  * Most frequent winds are east at 4 to 6 m/s. Picos is very hot (air temp. 24 - 38 *C), with extremes in
e October (air temp > 38 °C) and more direct solar radiation. Predominant RH is 50%, with more than 70%
0

in March and April. Temp. peaks and RH valleys are in the afternoon, mainly at 4 pm. Ground temp. has
. less variation ata depth of 4 meters, with 29°C insummer and 27 °C in winter.
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Goiania (GO) —Zone 6 Souce: ClimateConsuttant (2021).

*January, February and July
are vacation period in
Brazilian public schools.

Temperature and Radiation Averages Ground Temperature
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LEGEND INTERPRETATION
OryBun  * Most frequent winds are east at 2 to 4 m/s. Goiania is hot (air temp. 24 - 38 °C). August and September
m’m have peak air temp. (38 °C) and RH valleys (30%) between 12 and 6pm. May and June have a greater
B temperature range (15 - 30 °C). RH is highest (75%) and direct solar radiation is lowest in March,
Acceoptaddity Limits.

r November and December. Ground temp. is always closeto 24 °C, with slightdrop in winter.
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Santos (SP) —Zone 5 Souce: ClimateConsultant (2021).

*January, February and July
are vacation period in
Brazilian public schools.

Temperature and Radiation Averages Ground Temperature

LEGEND ™ “™&"  LEGEND *

HOURLY AVERAGES

i3
U
|

i
v
I
R

Y
1

—o Sl P T //’/*
|

Wil *

- i¥¥d
+
1
I

!
i

. .°“

I w | » e
i o

i

dmo Feb M A My b M Ang Sep Ot Mev  De

0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24

JAN FEB MAR APR
100 100 100 100
80 oL 50540 - 80 [eeodv0e9s°Y, S0g, ... -J 80 [©9000090,0. rrive® 80 .!A!llln'- 7ol 5 o 'ﬂl
60 60 60 60
40 40

0 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
MAY JUN JUL AUG
100 100 100 100
80 -II.ZLII-L‘. 200, 0220 80 % ‘JIIM 80 ._-Lﬂ oo 80 "1'.3'"“'1"".1"‘“
60 60 60 60
40 40 40 40
00545004000990000065005%
20 20
: : T
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
SEP ocT NOV DEC
LEGEND INTERPRETATION
OryBun  * Winds are slightly more frequent on east and south from 4 to 8 m/s. Santos has definite seasons (air
m’u_ temp. 24 - 38 *C from December to April, 10 - 24 *C from June to September). Direct and diffuse radiation
—— are equivalent and both are greater in summer. Average RH is 80% all year round with a slight drop
Accoptadiity Limits.

r between 12 and Spm. Ground temp. is alwayscloseto 24 *C with a slightdrop inthe middle of the year.
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Brasilia (DF) —Zone 4 Souce: ClimateConsultant (2021).

*January, February and July
are vacation period in
Brazilian public schools.

Temperature and Radiation Averages Ground Temperature
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LEGEND INTERPRETATION
OryBuin  * Most frequent winds are east at 6 to 8 m/s. Brasilia has yearly mild air temp. during (20 - 24 *C) and
m’m higher air temp. ranges in June and August (12 - 35 *C). July and August have highest direct radiation and
B the lowest RH (30 — 40%). The air temp. peaks and RH drops are in August at 4pm. Ground temp. is
Acceoptaddity Limits.

r always closeto 22 *°C, with aslightdrop inthe middle of the year.
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Florianép()“s (SC) —Zone 3 Souce: ClimateConsultant (2021).

*January, February and July
are vacation period in
Brazilian public schools.
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LEGEND INTERPRETATION
OryBuin  * Most frequent winds are north, mainly in November and December, from 4 to 8 m/s. Floriandpolis has
Vs definite seasons (air temp. 20 - 30 °C from December to March, 5 - 20 °C from June to September). RH is >
E—— 70% year-round. Air temp. peaks and HR drops are in December at 1pm. Direct radiation is higher in
Accoptadiity Limits.

r summer. Ground temp. has less variation at 4 meters depth (18°C insummer and 22 *C in winter).
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Souce: ClimateConsultant (2021).

*January, February and July
are vacation period in
Brazilian public schools.

Temperature and Rad Averages Ground Temperature
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LEGEND INTERPRETATION
OryBun  * Most frequent winds are Northeast and Southeast (2 to 6 m/s). Nova Friburgo is slightly cold (air temp. 8 -
m’m 24 *C), min. in August and max. in December. RH is almost always > 70%, with drops in September (58%).
B Air temp. peaks and HR drops (30%) are 12 and 4pm. Direct radiation is high, with a slight increase in April
. and August. Ground temp. has less variation at 4 meters depth (19 °C inautumn and 17 °C inspring).
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Souce: ClimateConsultant (2021).
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Most frequent winds are northeast (4 to 8 m/s). Caxias do Sul is slightly cold (air temp. 5 - 28 °C), with
greater temperature range in summer (November and December). Predominant RH is 80%. Air temp.
peaks (28 *C) and RH drops (50%) are from 12 to 6pm in November. Direct solar radiation is higher in
summer. Ground temp. has less variation at a depth of 4 meters (19 °C in summer and 15°C in winter).
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Annual Compensated Annual Hourly Average Annual Total Insolation
Relative Humidity Relative Humidity 12 UTC (hours) 1991 - 2020
1991 - 2020 1991 - 2020

Nebulosity Annual Nebulosity 12UTC Annual Nebulosity 18 UTC
1991-2020 1991 -2020 1991 -2020

D o € )

Annual Minimum Annual Compensated Annual Maximum

Temperature (°C) Average Temperature (°C) Temperature (°C)
1991 - 2020 1991 - 2020 1991 - 2020

£ 3 s = £ 3 n =

Souce: INMET (n/d).

INTERPRETATION

Zone 8, composed mainly of cities in the north of Brazil, has high annual values of
humidity (> 80%), nebulosity(> 0.6) and temperature (> 26 °C). Zone 7, which covers
part of the Midwest and Northeast, involves cities with high annual temperature (>
26 °C), lower humidity (65 - 75%) and nebulosity(< 0.6) and many hours of sun
(>2600). Zones 4, 5 and 6 also have lower humidity (65 - 75%) and nebulosity (<
0.6), but with more pleasant annual temperatures (18 — 31 °C). Zones 1, 2 and 3
with cities in the south and southeast have medium to high humidity (75 - 85%) (14
-29°C) with cool winter temperatures and mild summer temperatures (12 —29 °C).

Souce: ABNT(n/d).
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Z8 — Belém (PA)
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Percentage of occupied hours in comfort and discomfort and Heat balance of classroom in 1
classroom school in Caxias do Sul (RS) — Zone 1

Comfort
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Summer Heat Balance (5 December)
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Winter Heat Balance (21 June)
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Source: Adapted from DesignBuilder (2022).

Percentage of occupied hours in comfort and discomfort and Heat balance of classroom in 1
classroom school in Nova Friburgo (RJ) — Zone 2

Comfort
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Percentage of occupied hours in comfort and discomfort and Heat balance of classroom in 1
classroom school in Florianépolis (SC) — Zone 3

Comfort

Annual Heat Balance

PERCENTAGE OF OCCUPIED HOURS IN COMFORT

AND DISCOMFORT PER MONTH AND YEAR m—\\/alls (Wh/m2) ===== Ceilings (int) (Wh/m2) === Ground Floors (Wh/m2)
m—Patitions (int) (Wh/m2) e External Vent. (Wh/m2) === General Lighting (Wh/m2)
_ CONSIDERING 80% OF ACCEPTABILITY (%) 25000 | ™= Miscellaneous (Whim2) === Occupancy (Whim2) === Solar Gains Exterior Windows (Wh/m2)
=
= 100,03 0% 805 1% 0,0%
3% O 2 z W05 22% gEw 47%

£ s90m 13,7% 2. 20000
o 0 O
= 800% 15000
o 700% 63,85 g
= 500 77.3% £ 10000

s 23,05 3% 5, 7% 78,85 g
2 soos 31,55 33,35 aE
S ag0% 35,73 225 8 5000
o o - 8
S 0o : o .
9 2008 = @
- 8 2068 e 19008 e 8
Z 1o - 18,3% e 2 -5000-
‘3 0,0% 0,00 0,0% 06% 1% 0,0% BO% g0
& Jan  Feb Mar Apr May Jun  Jul Aug Sep Oct  Nov Dec Annual -10000-{

MONTH
-15000-
% Hours of Cold Discomfort POC (%) % Hours of Heat Discomfort s 2002 Feb  Mar  Apr May Jun  Jul  Aug Sep Oct Nov Dec

Annual Heat Balance Summary

80000
60000
40000
20000

-20000—
-40000—
-60000—
-80000—

Heat Balance (Wh/m2)
o
|

Walls (Wh/m2) EEH Ceilings (int) (Wh/m2) Bl Ground Floors (Wh/m2)

Partitions (int) (Wh/m2) M External Vent. (Wh/m2) B General Lighting (Wh/m2)
Miscellaneous (Wh/m2) [ Occupancy (Wh
[ Solar Gains Exterior Windows (Wh/m2)

h/m2)

Year



Summer Heat Balance (5 December)

221

Winter Heat Balance (21 June)

[\ alls (W/m2) === Ceilings (int) (W/m2) === Ground Floors (\W/m2) s Partitions (int) (W/m2) n - -
mm—Esternal Ven. (W/m2) smmm General Lighting (W/m2) e Miscellaneous (W/m2) e L e ey e ) i ot s e gy 101 (0 ()
60 (——Cccupancy W/m2) === Solar Gains Exterior Windaws (W/m2) 60— === Occupancy (W,’nwi) == Solar Gains ngvrnév Windows (W/m2)
50 04
40 40-
30 304
2 107 B — — S0 — -
g 0 ——— — @ o0 — IAN
5 g
5 104 ———
g0 5.0
@ .20 D g
I w
£ .30 £ -30-
-40- 40
50 50|
60 -60-|
-70 -70
Time/Date 6 12 6 Fimalate 6 12 6 2
Summer Day Heat Balance Summary Winter Day Heat Balance Summary
I walls (Wh/m2) B Ceilings (int) (Wh/m2) EEE Ground Floors (Wh/m2) Il Walls (Wh/m2) B Ceilings (int) (Wh/m2) B Ground Floors (Wh/m2)
Il Partitions (int) (Wh/m2) M External Vent. (Wh/m2) HEM General Lighting (Wh/m2) Partitions (int) (Wh/m2) BB External Vent. (Wh/m2) HEE General Lighting (Wh/m2)
Il Miscellaneous (Wh/m2) [ Occupancy (Wh/m2) I wiscellaneous (Wh/m2) [ Occupancy (Wh/m2)
[ Solar Gains Exterior Windows (Wh/m2) [ Solar Gains Exterior Windows (Wh/m2)
300-| 400
< 200 < 300
£ 100 £ 200
s B
i 100 -
s 0 | <
o 8 0+
Kl 8 -
8 200 S 100
= — -200
8 300 g
¢ 2 300
-4007 400
-500-

|
Year

Year

Source: Adapted from DesignBuilder (2022).
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Percentage of occupied hours in comfort and discomfort and Heat balance of classroom in 1
classroom school in Santos (SP) — Zone 5
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Source: Adapted from DesignBuilder (2022).

Percentage of occupied hours in comfort and discomfort and Heat balance of classroom in 1
classroom school in Goiania (GO) — Zone 6
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APPENDIX E

Percentage of occupied hours in comfort and discomfort and Annual Heat balance of

classroom in 1 classroom school in Belém (PA) — Zone 8 after optimization process
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Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Picos (Pl) — Zone 7 after optimization process
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Source: Adapted from DesignBuilder (2022).
Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Goiania (GO) — Zone 6 after optimization process
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Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Santos (SP) — Zone 5 after optimization process
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Source: Adapted from DesignBuilder (2022).

Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Brasilia (DF) — Zone 4 after optimization process
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Winter Heat Balance (21 June)
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Source: Adapted from DesignBuilder (2022).

Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Florianépolis (SC) — Zone 3 after optimization process
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Source: Adapted from DesignBuilder (2022).

Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Nova Friburgo (RJ) — Zone 2 after optimization process
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Annual Heat Balance: Summer settings

Annual Heat Balance: Winter settings
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Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Caxias do Sul (RS) — Zone 1 after optimization process

Comfort
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APPENDIX F

Sensitivity Analysis of 1 classroom school in Belém (PA) — Zone 8

Passive Strategies Reflectivity
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Source: Adapted from DesignBuilder (2022).

Sensitivity Analysis of 1 classroom school in Picos (PI) — Zone 7
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Sensitivity Analysis of 1 classroom school in Goiania (GO) — Zone 6
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Sensitivity Analysis of 1 classroom school in Santos (SP) —Zone 5

Passive Strategies Reflectivity
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Sensitivity Analysis of 1 classroom school in Brasilia (DF) — Zone 4
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Sensitivity Analysis of 1 classroom school in Floriandpolis (SC) — Zone 3
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Sensitivity Analysis of 1 classroom school in Nova Friburgo (RJ) — Zone 2

Sensitivity Analysis Result for Discomfort ASHRAE 55 Adaptive 80% Acceptability (hr)
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Sensitivity Analysis of 1 classroom school in Caxias do Sul (RS) — Zone 1
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APPENDIX G

Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Picos (PI) — Zone 7 after Non Algorithm Simulations: 90%
Reflectivity External Ground

Comfort Annual Heat Balance
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Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Caxias do Sul (RS) —Zone 1 after Non Algorithm
Simulations: 30% Reflectivity External Ground
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Percentage of occupied hours in comfort and discomfort and Annual Heat balance of
classroom in 1 classroom school in Caxias do Sul (RS) — Zone 1 after Non Algoritm
Simulations: 50% Reflectivity External Ground
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Belém (PA) — Zone
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8 with roof type variation
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Winter Heat balances (21 June) of classroom in 1 classroom school in Belém (PA) — Zone 8
with roof type variation
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Picos (PI) — Zone 7
with roof type variation
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Winter Heat balances (21 June) of classroom in 1 classroom school in Picos (Pl) — Zone 7 with
roof type variation
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Summer Heat balances (5 December) of classroom in 1 classroom school in Belém (PA) — Zone
8 with wall type variation
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Winter Heat balances (21 June) of classroom in 1 classroom school in Belém (PA) — Zone 8
with wall type variation
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Picos (PIl) — Zone 7
with wall type variation
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Winter Heat balances (21 June) of classroom in 1 classroom school in Picos (Pl) — Zone 7 with

wall type variation
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Goiénia (GO) — Zone 6

with roof type variation
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Santos (SP) —

Zone 5 with roof type variation
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Santos (SP) —Zone 5
with roof type variation
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—
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Brasilia (DF) —
Zone 4 with roof type variation

Original Insulated

[\ alls (W/m2) === Ground Floors (W/m2) s Partitions (int) (W/m2) e Roofs (W/m2)
m—External Vent. (W/m2) smmmmm General Lighting (W/m2) e Miscellaneous (W/m2)
§0-|=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)

‘m—\/2lls (W/m?2) = Ground Floors (W/m2) s Partitions (int) (W/m2) s Roofs (W/m2)
mm—— External Vent. (W/m2) smmmm General Lighting (W/m2) s Miscellaneous (W/m2)
60| === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)

50|
40
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£ 20 g
% 10- = H
E o 2 - ————— g
& 10 s
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_40-|
50
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Time/Nate 6 12 6 5 Time/Date 6 12 6 5
Light Heavy
—\\/alls (W/m2) =mmmmm Ground Floors (W/m2) wmmmmmm Partitions (int) (W/m2) wssssm Roofs (W/m2) m—\V als (W/m2) wmmmmm Ground Floors (W/m2) wmmmmm pPartitions (int) (W/m2) wesmm Roofs (W/m2)
' External Vent. (W/m2) msmmmmm General Lighting (W/m2) wssssm Miscellaneous (W/m2) mm— External Vent. (W/m2) wmmmmm General Lighting (W/m2) wmmmmm Miscellaneous (W/m2)
60’: Occupancy (W/m2) ==== Solar Gains Exterior Windows (W/m2) 60’: Occupancy (W/m2) ==== Solar Gains Exterior Windows (W/m2)
50- 50
40 40
30 30|
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Time/Date 6 12 6 5 TimeDate 6 12 6 5

Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Brasilia (DF) — Zone 4
with roof type variation

Original Insulated

[\ lls (W/m?) e Ground Floors (W/m2) e Partitions (inf) (W/m2) wesssm Roofs (W/m2) i\ alls (W/m2) = Ground Floors (W/m2) e Partitions (int) (W/m2) s Roofs (W/m2)
mmm_External Vent. (W/m2) s General Lighting (W/m2) s Miscellaneous (W/m2) mm—External Vent. (W/m2) s General Lighting (W/m2) wemsmm Miscellaneous (W/m2)
60 /=== Occupancy (Wim2) === Solar Gains Exterior Windows (W/m2) §0|=== Occupancy (Wim2) === Solar Gains Exterior Windows (W/m2)
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—\Valls (W/m2) S Ground Floors (W/m2) e Partitions (inf) (W/m2) e Roofs (W/m2) m—\/alls (W/m2) == Ground Floors (W/m2) e Partitions (inf) (W/m2) e Roofs (W/m2)
m—External Vent. (W/m2) == General Lighting (W/m2) e Miscellaneous (W/m2) m—External Vent. (W/m?2) s General Lighting (W/m2) e Miscellaneous (W/m2)
60| === Occupancy (Wim2) === Solar Gains Exterior Windows (W/m2) §0|=== Occupancy (W/m?) === Solar Gains Exterior Windows (W/m2)
50-| 50|
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Goiania (GO) —
Zone 6 with wall type variation

Original Insulated

[ \\/alls (W/m2) = Ground Floors (W/m2) s Partitions (int) (W/m2) s Roofs (W/m2) —\V alls (W/m2) === Ground Floors (W/m2) s Partitions (int) (W/m2) e Roofs (W/m2)
mm— External Vent. (W/m2) wmmmmm General Lighting (W/m2) wmmmmm Miscellaneous (W/m2) mm—External Vent. (W/m2) mmmmmm General Lighting (W/m2) wemmsm Miscellaneous (W/m2)
60/ === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) §0|=== Occupancy W/m2) === Solar Gains Exterior Windows (W/m2)
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40 40|
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[ \Valls (W/m2) === Ground Floors (W/m2) e Partitions (int) (W/m2) e Roofs (W/m2) m—\1/2lls (W/m?2) s Ground Floors (W/m2) e Partitions (int) (W/m2) e Roofs (W/m2)
m—ernal Vent. (W/m2) = General Lighting (W/m2) e Wiscellaneous (W/m2) m—ternal Vent. (W/m?2) s General Lighting (W/m2) e Miscellaneous (W/m2)
60 /=== Occupancy (W/m2) E==3 Solar Gains Exterior Windows (W/m2) 60| === Occupancy (W/m2) E===1 Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Goiénia (GO) — Zone 6
with wall type variation

Original Insulated

[\ alls (W/m2) == Ground Floors (W/m2) e Partitions (int) (W/m2) e Roofs (W/m2) [ \V'alls (W/m2) === Ground Floors (W/m2) s Partitions (inf) (W/m2) messsm Roofs (W/m2)
m—_Eternal Vent. (W/m2) s General Lighting (W/m2) e Miscellaneous (W/m2) m—Eernal Vent. (W/m2) === General Lighting (W/m2) Miscellaneous (W/m2)
60-|=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60/ === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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—VValls (W/M2) === Ground Floors (W/m2) e Partitions (int) (W/m2) s Roofs (W/m2) [\ alls (W/m2) === Ground Floors (W/m2) e Partitions (int) (W/m2) e Roofs (W/m2)
m— External Vent. (W/m2) mmmmm General Lighting (W/m?) s Miscellaneous (W/m2) mm— External Vent. (W/m2) s General Lighting (W/m2) e Miscellaneous (W/m2)
60| === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60-|=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Santos (SP) —
Zone 5 with wall type variation

Original Insulated

w—\\alls (W/m2) s Ground Floors (W/m2) wemmmms Partitions (int) (W/m2) s Roofs (W/m2) [\ alls (W/m2) == Ground Floors (W/m2) e Partitions (int) (W/m2) s Roofs (W/m2)
mm—External Vent. (W/m2) == General Lighting (W/m2) e \iscellaneous (W/m2) mm—External Vent. (W/m2) === General Lighting (W/m2) e Miscellaneous (W/m2)
60— === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60 === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Light Heavy

[\ alls (W/m2) === Ground Floors (W/m2) e Partitions (int) (W/m2) e Roofs (W/m2)
mm— External Vent. (W/m2) mmmmm General Lighting (W/m2) s Miscellaneous (W/m2)
60— === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)

[\ alls (W/m2) === Ground Floors (W/m2) mmmmmm Partitions (int) (W/m2) e Roofs (W/m2)
m— ternal Vent. (W/m?2) = General Lighting (W/m2) s Miscellaneous (W/m2)
60-|=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Santos (SP) —Zone 5

Original

with wall type variation

Insulated

[\ alls (W/m2) = Ground Floors (W/m2) e Partitions (int) (W/m2) e Roofs (W/m2) s\ alls (W/m2) === Ground Floors (W/m2) e Partitions (int) (W/m2) e Roofs (W/m2)
m—xternal Vent, (W/m2) === General Lighting (W/m2) e Miscellaneous (W/m2) m— xternal Vent, (W/m2) === General Lighting (W/m2) Miscellaneous (W/m2)
60| == Occupancy (W/m2) == Solar Gains Exterior Windows (W/m2) 60-|=== Occupancy (Wim2) === Solar Gains Exterior Windows (W/m2)
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mm—External Vent. (W/m2) =mmmm General Lighting (W/m2) s Miscellaneous (W/m2) [ External Vent. (W/m2) === General Lighting (W/m2) iscellaneous (W/m2)
60/ === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60 === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Brasilia (DF) —
Zone 4 with wall type variation

Original

Insulated

[ \Valls (W/m2) == Ground Floors (W/m2) e Partitions (int) (W/m2)

60-|===Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)

mm— Eternal Vent. (W/m2) s General Lighting (W/m2) s Miscellaneous (W/m2)

‘—Ro0fS (W/M2)

m—External Vent. (W/m2) === General Lighting (W/m2)

[\ 2l (W/m?2) s Ground Floors (W/m2) memsmm Partitions (int) (W/m2) e Roofs (W/m2)
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sV alls (W/m2) === Ground Floors (W/m2) s Partition: NIm2) mem—Roofs (W/m2) mmm—_\Valls (W/m2) === Ground Floors (W/m2) e Partitions (inf) (W/m2) e Roofs (W/m2)
m— External Vent, (W/m2) =mmmm General Lighting (W/m2) s llaneous (W/m2) m—External Vent. (W/m2) = General Lighting (W/m2) Miscellaneous (W/m2)
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Brasilia (DF) — Zone 4
with wall type variation
Original Insulated

—\Valls (W/m2) === Ground Floors (W/m2) = Partitions (int) (W/m2) e Roofs (W/m2) /25 (W/m?2) = Ground Floors (W/m?2) e Paritions (int) (W/m2) e Roofs (W/m2)
m— External Vent. (W/m2) === General Lighting (W/m2) iscellaneous ( m—External Vent, (W/m2) === General Lighting (W/m2) e Miscellaneous (W/m2)
60-|=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60 == Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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e Extermal Vent, (W/m2) e General Lighting (Wim?)  mmmemm Miscellaneous (W/m?) mm— crnal Vent. (W/m?) e General Lighting (W/m2) wemmsm Miscellaneous (/m2)
60 /=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60 Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Florianépolis (SC)
— Zone 3 with roof type variation

Original Insulated

s \V2lls (W/m2) s Ground Floors (W/m2) e Pariitions (int) (W/m2) e Roofs (W/m2)

= VD e GO o W, e P D) e D o e E20 o 8 GG
60| === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60 ™= Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Light Heavy

m—\\/2lls (W/m2) == Ground Floors (W/m2) s Partitions (int) (W/m2) wemmmm Roofs (W/m2) m—\\/alls (W/m2) === Ground Floors (W/m2) memmmm Partitions (int) (W/m2) s Roofs (W/m2)
mm—External Vent. (W/ mmm General Lighting (W/m2] Miscellaneous (W/m2) mm—External Vent. (W/m2) s General Lighting (W/m2) e Miscellaneous (W/m2)
60—|== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60| ==== Occupancy (W/m2) ==== Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Florianépolis (SC) —

Original

Zone 3 with roof type variation

Insulated

m—\V/alls (W/m2) =mmmmm Ground Floors (W/m2) wmmssm Partitions (int) (W/m2) s Roofs (W/m2) —Walls (V“”"’Z) _’ " Ground Floors <‘W"‘“2) _’ - Partitions (int) ""f’“z) _A . Roofs (Wim2)
[ External Vent. (W/m2) smsmmsm General Lighting (W/m2) emsmm Miscellaneous (W/m2) s External Vent. (W/m2) = General Lighting (W/m2) s Miscellaneous (W/m2)
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m—External Vent, (W/m2) mmmmm General Lighting Wim2) iscellaneous (W/m2) mm— External Vent. (W/m2) s General Lighting (W/m2) Miscellaneous (W/m2)
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Nova Friburgo

Original

(RJ) — Zone 2 with roof type variation

Insulated

—\alls (W/m2) === Ground Floors (W/m2) e Pariitions (int) (W/m2) e Roofs (W/m2) 1/ 2lls (W/m2) === Ground Floors (W/m2) e Partitions (in) (W/m2) e Roofs (W/m2)
mm— External Vent. (W/m2) === General Lighting (W/m2) e Miscellaneous (W/m2) mm—xternal Vent. (W/m2) s General Lighting (W/m2) e Miscellaneous (W/m2)
60| === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60-|==== Occupancy (W/m2) E=== Solar Gains Exterior Windows (W/m2)
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m—External Vent. (W/m?) === General Lighting (W/m2) e Miscellaneous (W/m2) mmm—Eternal Vent. (W/m2) mmmmm General Lighting (W/m?2) s
=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Nova Friburgo (RJ) —

Original

Zone 2 with roof type variation

Insulated

m—\/alls (W/m?2) === Ground Floors (W/m2) wmmmmm Partitions (int) (W/m2) wemssms Roofs (W/m2) == Walls (W/m2) === Ground Floors (W/m2) ==t Partitions (int) (W/m2) —’ Roofs (W/m2)
e External Vont, (W/m2) e General Lighting (W/m2) e Miscellaneous (W/m2) = External Vent, (Wim2) === General Lighting (W/m2) e Miscellaneous (W/m2)

60— === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) 60-|{== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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mmm \/2lls (W/m2) s Ground Floors (W/m2) memmmm Partitions (int) (W/m?2) memssm Roofs (W/m2) m—\\/2lls (W/m2) === Ground Floors (W/m?) s Partitions (int) (W/m2) memssm Roofs (W/m2)
mm—_External Vent. (W/m2) === General Lighting (W/m2) e Miscellaneous (W/m2) mm—Eiernal Vent. (W/m2) = General Lighting (W/m2) e Miscellaneous (W/m2)
60—|=== Occupancy (W/m2) === Solar Gains Exterior Windows === Solar Gains Exterior Wind
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Source: Adapted from DesignBuilder (2022).

21

Summer Heat balances (5 December) of classroom in 1 classroom school in Caxias do Sul (RS)

— Zone 1 with roof type variation

Original

Insulated

— \Valls (W/m2) wmmmmm Ground Floors (W/m2) s Partitions (int) (W/m2) s Roofs (W/m2) m—\\/alls (W/m2) =sssmm Ground Floors (W/m2) mmmssm Partitions (int) (W/m2) s Roofs (W/m2)
mm—External Vent. (W/m2) === General Lighting (W/m2) e Miscellaneous (W/m2) — External Vent. (W/m2) === General Lighting (W/m2) e Miscellaneous (W/m2)
60| === Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2) §0-|=== Occupancy (W/m2) === Solar Gains Exterior Windows (W/m2)
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Caxias do Sul (RS) —
Zone 1 with roof type variation

Original

Insulated

WV alls (W/m2) === Ground Floors (W/m2) e Partitions (int) (W/m2) s Roofs (W/m2) mm—Walls (W/m2) mmmmmm Ground Floors (W/m2) mmmmmm Partitions (int) (W/m2) mmmmmm Roofs (W/m2)
— External Vent n2) mmmmmm General Lighting (W/m2) e Miscellaneous (W/m2) mm—Eternal Vent. (W/m2) s General Lighting (W/m2) wemmm Miscellaneous (W/m2)
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Florianépolis (SC)
— Zone 3 with wall type variation

Original

Insulated
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Floriandpolis (SC) —
Zone 3 with wall type variation

Original Insulated

[\ alls (W/m2) === Ground Floors (W/m2) e Partiions (inf) (W/m2) s Roofs (W/m2) T Walls (Wim2) WSS Ground Floors (W/m2) = Partitions (inf) (W/m2) s Roofs (W/m2)
s External Vent, (W/m2) s General Lighting (W/m2) e Miscellancous (W/m2) m— Extemnal Vent, (Wim2) === General Lighiing (W/m2) s Wiscellaneous (Wim2)
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Nova Friburgo
(RJ) — Zone 2 with wall type variation

Original Insulated

—Walls (W/m2) = Ground Floors (W/m2) e Partifions (inD) (W/m2) e Roofs (W/m2) [ Walls (W/m2) === Ground Floors (W/m2) e Partitions (int) (W/m2) wesssemt Roofs (W/m2)
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Nova Friburgo (RJ) —

Original

Zone 2 with wall type variation

Insulated

[\ a5 (W/m2) mmmmmm Ground Floors (W/m2) e Partitions (inf) (W/m2) wemssm Roofs (W/m2)
e External Vent. (W/m2) =mmmm General Lighting (W/m2) s Miscellaneous (W/m2) [\ alls (W/m2) === Ground Floors (W/m2) s Roofs (W/m2) s External Vent. (W/m2)
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Source: Adapted from DesignBuilder (2022).

Summer Heat balances (5 December) of classroom in 1 classroom school in Caxias do Sul (RS)

Original

— Zone 2 with wall type variation

Insulated
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Source: Adapted from DesignBuilder (2022).
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Winter Heat balances (21 June) of classroom in 1 classroom school in Caxias do Sul (RS) —

Zone 1 with wall type variation

Original

Insulated

2) e RoofS (W/m2)
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-60
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T 1
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i
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APPENDIX |

12 6 21

Time/Date 6

Source: Adapted from DesignBuilder (2022).

12

Absorbances and emissivities used in the simulations were the average values of
those suggested by ABNT (2005a).

Tabela B.2 — Absorténcia (a) para radiagéo solar (ondas curtas) e emissividade (e)
para radiagoes a temperaturas comuns (ondas longas)

Tipo de superficie a £

Chapa de aluminio (nova e brilhante) 0,05 0,05

Chapa de aluminio (oxidada) 0,15 012

Chapa de aco galvanizada (mova e brilhante) 0,25 0,25

Caiag8o nova 0,12/0,15 0,90
Concreto aparente 0,65/0,80 0,85/0,95
Telha de barro 0,75/ 0,80 0,85/0,95
Tijolo aparente 0,65/0,80 0,85/0,95
Reboco claro 0,30/050 0.85/0,95
Revestimento asfaltico 0,85/0,98 090/0,98

Vidro incolor 0,06/0,25 0,84

Vidro colondo 0,40/0,80 0,84
Vidro metalizado 0,35/0,80 0.15/0,84

Pintura: Branca 0,20 0,90

Amarela 0,30 0,90

Verde clara 0,40 0,90

“Aluminio” 0,40 0,50

Verde escura 0,70 0,90

Vermelha 0,74 0,90

Preta 0,97 0,90
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1. Input data in both current state and optimization simulations in all

climates

1.1 Activity
1.1.1 Classroom

Occupancy was determined by the architectural layout provided by the FNDE (2023):
30 people in a 48m2 room.

The writing metabolic activity was the same used by Geraldi and Ghisi (2020).

+; Occupancy

Dccupied?
Occupancy density (people/m?2) 0.6250
(i Schedule All day
Metabalic
A Activity Writing
Factor (hMen=1.00, Wiomen=0.85, Children=0.75) 0.7
COZ generation rate (m3/s-wW) 0.0000000382
Clothing
Clothing schedule definition 1-Generic summer and winter clothing v
Winter clothing (clo) 1.00
Summer clothing (clo) 0.50

Comfart Radiant Temperature Weighting ¥
Calculation type 1-Zaone averaged -
Airvelocity z

(4 Airvelocity schadule Diefault Air Welocity for Cornfort Calculations

| Heating (*C) 18.0

|| Heating setback ("'C) 13.0
Cooling Setpoint Temperatures

| Cooling (*C) 24,0

|| Caoling setback (*C) 3za
Humidity Control

RH Humidification setpaint (34) 104

RH Dehumidification setpaint (%) q0.a

Fresh air (I/s-person) 4,719

tech vent per area (l/s-mz) 0.610
Lighting

Target llluminance (lux) 300

Default display lighting density W/m2) 0

The plug power density was the same used in previous studies by Lopes (2020) on
thermoenergetic simulations of FNDE schools.

#* Miscellaneous
On
Power density (WimZ) .00
[yi Schedule All day
Fuel 1-Electricity fram grid -
Fraction lost 0.000000
Latent fraction 0.000000

Fadiant fraction 0.200000



258
1.1.2 Officeroom

Occupancy was determined by the architectural layout provided by the FNDE (2023):
7 people in a 11,7m? room.

The typing metabolic activity was the same used by Geraldi and Ghisi (2020).

Occupied?

i Dcoupancy

Occupancy density (people/m?2) 0.059
[4i Schedule All day
hetabalic
A Activity Typing
Factor (Men=1.00, \Waormen=0.85, Children=0.75) 1.00
C02 generation rate (n3/s-W) 0.0000000382
Clothing
Clothing schedule definition 1-Generic summer and winter clothing
Winter clothing (clo) 1.00
Summer clathing (cla) 0.50

Comfort Radiant Termperature Weighting
Calculation type 1-Zone averaged
Airelocity

(4 Airvelocity schedule Default Air Welocity for Cornfort Calculations

| Heating {*C) 18.0
|| Heating setback ("'C) 13.0
Cooling Setpoint Temperatures
| Cooling (*C) 24,0
|| Caoling setback (*C) 3za
Humidity Control
RH Humidification setpaint (34) 104
RH Dehumidification setpaint (%) q0.a
Weantilation Setpoint Temperatures
Minimum Fresh Air
Fresh air (I/s-person) 4,719
tech vent per area (l/s-mz) 0.610
Lighting
Target lluminance (Jux) 300
Default display lighting density W/m2) 0

The plug power density was the same used by Geraldi and Ghisi (2020).

o* Miscellaneous

Dn
Power density (W/m2) 50.50
[+4 Schedule All day
Fuel 1-Electricity from gric!
Fraction lost 000000
Latentfraction 000000
Radiant fraction 0,z00000

1.1.3 Kitchen and Toillets

Kitchen and toillets were considered as non-occupied rooms, as suggested by INI-
C/2021.

For these rooms, the plug power density was not considered, the same condition
used by Geraldi and Ghisi (2020).
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1.1.4 All school bulding

The schedule is the same considered by Geraldi and Ghisi (2021) that are in
accordance with the standard schedule of school operation in Brazil, regulated by the
Ministry of Education: Monday to Friday from March to June and from August to
December.

MName All day
Description  Building: OFFICE Area: OPEN PLAN OFFICE Occupancy schedule

Source UK NCH
[ Category Offices {Workshop businesses @
<k Fegion General
Schedule type 1-7#12 Schedule -
Design Days ¥
Design day definition method 1-End use defaults -
Use end-use default 2-Occupancy hd
Morth | Monday Tueszday ‘Wednesday Thursday Friday S aturday Sunday
Jan | OFf aft off off arf aif aff
Feb | Off aft off off arf off aff
bar  :8:00-12:00 & 14:00 -..:8:00-12:00 &14:00 -... |8:00-12.00 % 14:00-.. | 8:00 - 12:00 & 14:00-... |8:00-12:00 % 14:00 -... Of off
Apr 8:00-12:00 & 14:00 -.. | 8:00-12:00 &14:00-.. |8:00- 1200 & 14:00-... | §:00-12:00 % 14:00 -... | 8:00 - 12:00 & 14:00 -.. O aff
May |[8:00-12:004%14:00-.. |8:00-12:00 &14:00 .. |&:00-1200 % 14:00-.. | 8:00 - 12:00 & 14:00 ... |8:00-12:00 % 14:00 -... Of off
Juno | 8:00-12:00 & 14:00 - 8:00 - 12:00 & 14:00 - 800 - 1200 & 14:00-.. | 8:00-12:00 % 14:00 ... | 800 - 12:00 & 14:00 -.. 0K aff
Jul aff aft off off arf off aff
Aug  |800-12:004%14:00-.. |8:00-12:00%14:00-. |800-1200 & 14:00-.. |8:00-12:00% 14:00-.. | 800 - 12:00 % 14:00 -.. | Of off
Sep |8:00-12:00 % 14:00-.. [8:00-12:00 & 14:00 -... | 8:00-12:00 & 14:00-.. | 3:00 - 12:00 & 14:00-... | 8:00 - 12:00 & 14:00 -... | Off aff
Oct  |[8:00-12:004%14:00-.. |8:00-12:00 &14:00 -, |8:00-12.00 % 14:00-.. | 8:00 - 12:00 & 14:00 ... |8:00-12:00 % 14:00 -... Of off
Mov | 8:00-12:00 & 14:00 -.. [8:00-12:00 & 14:00 -... | 8:00-12:00 & 14:00-.. | 8:00 - 12:00 % 14:00-.. | 8:00-12:00 & 14:00 -... | Of aff
Dec  |8:00-12:00&14:00-.. [8:00-12:00 & 1400 -.. | 8:00-1200 & 14:00-.. | 8:00 - 12:00 % 14:00-.. | 8:00 - 12:00 & 14:00 -... | Off aff
Profile
8:00-12:00 & 14:00 - 18:00
Source DesignBuilder
Categaory Operation
Twpe 3-Custarmn

100 —

172 3 4 5 6 7 & 3 M M 1213 14 15 16 17 18 19 20 21 2= I3 24

Items not detailed in images were not selected or had no specific setting.

1.2 Lighting
1.2.1 Classroom

Light power density was determined by the electrical project provided by the FNDE
(2023): 384 watts in a 48m2 room.
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= General Lighting

On

Power density (W{m2) 8.0000

(44 Schedule All dany

Lurninaire type 2-Surface mount -
Return air fraction 0.000

Fadiant fraction 0,720

Yisible fraction 0,180

Convective fraction 0,100

1.2.2 Office Room and Kitchen

Light power density was determined by the electrical project provided by the FNDE
(2023): 64 watts in a 11.7m2 room.

= General Lighting

O
Power density (W/m2) b.4700
(¥4 Schedule All dayy - Building:
Lurninaire type 2-Surface mount
Feturn air fraction 0.000
Radiant fraction 0,720
Yisible fraction 0,180
Conwvective fraction 0,100
1.2.3 Toillets

Light power density was determined by the electrical project provided by the FNDE
(2023): 32 watts in a 3.28m2 room.

& General Lighting

On

Power density (W/m2) 9.7500

[ Schedule All day
Luminaire type 2-Surface mount
Return air fraction 0.000

Radiant fraction 0,720

Yisihle fraction 0,180
Convective fraction 0,100

2 Input datain current state simulations in all climates
All information on construction, openings and HVAC were obtained from the project
made available by FNDE.

2.1 Location: Site Details
In the simulations of the current state of the schools, the surrounding area with a

grass surface of 0.2 reflectance suggested by DesignBuilder was considered.



Ground

Surface
[ Texture Grass lawn
Surface solar and visible reflectance 0.20
Snow reflected solar modifier 2.00
Snow reflected daylight modifier 2,00

Ground Modelling
Ground modelling method 2-Kiva Basic
@ Fiva foundation settings kiva settings earth commaon
@ Fiva foundati Default kiva foundation
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In Kiva Foundation settings, the soil thermal properties are the default earth

common of the software, the ground solar and thermal absorptivity were the

ground cover values with grass and pasture described by Ferreira, Pereira and

Labaki (2021) and the ground surface roughness was the value suggested by

DesignBuilder Help (2022) for grass. All other values were maintained as per

software default.

Name kiva settings earth common
Soil Thermal Froperties
Soil conductivity (Am-K) 1.28
Soil density (kg/m3) 1460.00
Soil specific heat (J/kg-K) 880,00
Surtace Propetties
Ground solar absorptivity 0.1800
Ground thermal absorptivity 09340
Ground surface raoughness (m) 0.03
Extent
Farfield width {m) 40,00
Deep-ground depth (m) Autacalculate
Options
Minirum cell dimension (m) 0.0z
aximum cell growth coefficient 1.50
Simulation timestep 1-Haurly
Deep-ground boundary condition T-Autoselect

2.2 Construction: Ground Floor

Mumber of layers 3
Qutermost layar

< hdaterial eramica piso interno
Material o -
Thickness (m) 0.0z00
[ Bridged?

Sphaterial Argamassa
Thickness (m) 0.0300
[ Bridged?

Innermost layer
SyMaterial Laje de piso de concreto

Thickness (m) 01000
[ Bridged?




Inner surtace
Corrvective heat transter coefficient (Wim2-K) 0.342
Radiative heat transfer coefficient (w/m2-K) 5,540
Surface resistance (m2-KW) 0.7
Outer surface
Comvective heat transfer coefficient (Wim2-K) 19,670
Radiative heattransfer coefficient (v/rm2-K) 5130
Surface resistance (m2-KAN) 0.040
Mo Bridging
U-value suface to sudace Wm2-K) 9.777
Fvalue (mz2-Khw) 032
U-¥alue (W/m2-K) 3.202
‘With Bridging (BS EN IS0 B34E)
Thickness (m) 01500
Krn - Internal heat capacity (KJfm2-k) 165.0000
Upper resistance limit (m2-KAW) 032
Lower resistance limit (m2-M) 032
U-value suface to sudace W/m2-K) 9.777
Fvalua (mz2-kKhw) 0312
U-Value (W/m2-K) 3.202

2.3 Construction: External and Internal Walls

262

The reflectivity of the external wall was calculated by a weighted average of the white
surface (R=70%) and the blue surface (R=18%) according to Dornelles (2008). The

final reflectivity of the wall was 60%.

Surface Properties

Thermal ahsorptance (emissivity) 0.9000000
Solar ahsorptance 0.400
Yisible absorptance 0.400
Foughness 3-Fough
EI Caolour
[ Texure GranulatedClearl2
Fadiance Daylighting
Material class 1-Flastic
Feflectance 0.600
Specularity n.a0o0
Roughness n.a0o0

@Material DRIGINAL Argamassa branco gelo
Thickness (hat used in thermal calcs) (m) 00250

[

‘S;Material Bloco ceramico
Thickness {m) 00134

[ Bridged?

Syhdaterial AR CB3E
Thickness (not used in thermal calcs) (m) 00632
@Material Bloco ceramico
Thickneass (m) 0.0134

[ Bridged?

Innermost lay
Sphdaterial CRIGINAL Argamassa branco gelo
Thickness (not used in thermal calcs) (m) 0.0250
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Inner suface
Convective heat transfer coefficient (W/fm2-K) 2.152
Fadiative heat transfer coefficient (4W/fm2-K) 5,540
Sudace resistance (2K 0.130
Cuter surface
Convective heat transfer coefficiant (W/m2z-K) 19,870
Radiative heat transfer coefficient (W/m2-K) 5130
Surface resistance (m2-KA) 0.040
o Bridging
U-alue surface to surface (W/m2-K) 4028
R-value (mz-KAh) 0.418
U-Yalue (Wfm2-K) 2.3
YWith Bridging (BS EMN IS0 B34E)
Thickness (m) 0.1400
Krr - Internal heat capacity (KJ/m2-K) 69,7245
Upper resistance limit (m2-KA4) 0.418
Lower resistance limit (m2-KA) 0.418
U-value suface to surface (Wm2-K) 4028
R-value (mz-KAh) 0.418
U-Yalue (Wfm2-K) 2.3

2.4 Construction: Roof

The original roof of the school was modeled with the same geometry and same
composition of materials described by FNDE (2023) to obtain accurate calculations of
thermal performance with DesignBuilder simulations. As the software does not
provide transmittance and thermal capacity data in sloped roof models, for
comparative purposes, an equivalent flat roof was modeled to obtain these data. The
same equivalent model was also considered in algorithm optimization simulations.

According to Weber et al. (2017), a pitched roof can be represented by an equivalent
horizontal model that has the air layer thickness half the maximum air layer height on
the real roof. In the case of the 1-classroom school, the maximum height of the air
layer is 162cm.

This is the official pitched roof design (FNDE, 2023):

COBERTURA COM TELHA CERAMICA, COR
NATURAL, i=30%

RESERVATORIO
1000L
\
L%

T 1 1

PINTURA ACRILICA SOBRE REBOCO
DESEMPENADO FINO COR BRANCO GELO

Therefore, for equivalent roof design, an air layer of 81cm was used in the equivalent
model as shown in figure below adapted from Weber et al. (2017).
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Ceramic Til —
eramic lie |

1cm

Air
81cm

Concrete I’a R T i
Slab b kel )
15cm

. e R Ty
A4 Lk .
KNI TN

According to ABNT (2005) and Weber et al. (2017), for roof air chambers, downward
flow is considered in the summer, with resistance of 0.21 m2.°C/W.

Spbdaternal ORIGINAL sa telha ceramica
Thickness (m) 0.0100
[ Bridged?
Layer 2
Sy haterial AR cobertura
Thickness (notused in thermal calcs) (m) 0.61

2F

Sy Material Laje de piso de concreto
Thickness (m) [n1500
[ Bridged?

The reflectivity of the roof was R = 20% according to ABNT (2005a). Emissivity was
the average value of ceramic tiles from ABNT (2005a).

Thermal shsorptance (emissivity) 0.a00a0aa
Solar absorptance 0.8
“isible absorptance 0.8
Foughness FRough
Colour
[E Texture Fed brick
Fadiance D hti
haterial class 1-Flastic
Feflectance 0.2
Specularity 0.a00
Foughness @
Inner surface
Convective heat transfer coefficient (W/m2-K) 4,460
Radiative heat transfer coefficient (W/m2-K) 5,540
Surface resistance (m2-KAW) naoo
Outer surface
Convective heat transfer coefficient (W/m2-K) 18,870
Radiative heat transfer coefficient (W/mz2-K) 5,130
Surface resistance (m2-KAW) 0.040
Mo Bridging
U-/alue surface to surface (W/m2-K) 3276
Frvalue (mz2-Kavt 0,445
U-Value (W/m2-K) 2.246
Wiith Bridging (BS EM I 4B)
Thickness (m) 0.9700
Km - Internal heat capacity (KJ/m2-k) 220.0000
Upper resistance limit (m2-Ki) 0,445
Laower resistance limit (m2-KM) 0,445
U-value surface to surface (W/m2-k) 3.276
Ftvalue (ma-kah) 0.445

U-Value (W/m2-K) 2,246
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2.5 Openings

The percentage of glazed areas in the envelope was automatically calculated by the
software after the detailed design of the windows in the modeling process according
to the standard architectural design of the FNDE.

The windows in the original project are tilting. Considering that this window type could
be open up to 95%, an intermediate value of 45% was used in the simulations.

No local shading was considered.

Operation

Schedule definition 1-Follow ocoupancy
Free Aperture

Opening position 2-Bottarm

% Glazing area opens 45.0

Discharge coefficient 0.6500

The operation of both doors and windows follows the occupancy schedule.

The type of glass was configured according to the FNDE project model and the
properties described by Weber et al. (2017).

General

Name ¥idro simples Bmm

Description
Source EnergyFlus dataset
[ Category Single
cBFegion General
EI Colour
Definition method

Definition method 2-Simple
Simple Definition
Total solartransmission (SHGC) 0,870
Lighttransmission 0.510
U-Value (W/m2-K) 5.700
2.6 HVAC

Non-detailed tabs have not been set or changed.

0 HYAC Template

1 Template MNatural ventilation - No Heating/Cooling
. ilati

Fump etc energy (W/m2) 0,0000

(] Schedule ABHRAE 90.7 Occupancy - School
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2.7 Model Options: Natural Ventilation

Natural Ventilation and Infiltration

Natural ventilation Calculated ventilation
h 4 Natural ventilation and infiltration air flow rates are calculated based on opening and crack sizes,
r ' -
Scheduled Caleul: buoyancy and wind pressures.
Infiltration units 1-acth
Aittightness method 1-Template slider

3. Input data only in optimization simulations:

Items not detailed in images were not selected or had no specific setting.

3.1 Location: Site Details

Site Details: Picos — PlI:

These are the Kiva Basic Foundation settings with cool pavement around the
building. The soil thermal properties are the same used in current state simulations.
The ground surface roughness was the concrete value (0,002) sugested by
DesignBuilder Help (2022).

Soil Thermal Properties

Soil conductivity (AFm-K) 128
Soil density (kgfm3) 1460,00
Soil specific heat (Jfkg-K) 80,00
Surface Properties
Ground solar ahsorptivity 0,1000
Ground thermal shsorptivity 0,9000
Ground surface roughness (m) 0,002
Extent
Farfield width {m) 40,00
Deep-ground depth (m) Autocalculate
Options
hinimum cell dimension [m) 0.0z
Maximum cell grawth coefficient 1.50
Simulation tirmestep 1-Hourly
Deap-ground boundary condition 1-Autoselect

Site Details: Caxias do Sul — RS:

These are the Kiva Basic Foundation settings with concrete around the building with
reflectivity of 50%. The soil thermal properties are the same used in current state
simulations. The ground surface roughness was the concrete value (0,002) sugested
by DesignBuilder Help (2022).



Soil Thermal Properties

Soil conductivity (4m-K) 1.28

Sail density (kgim3) 1460.00

Soil specific heat (Jfkg) 880,00
Surface Properties

Ground solar absorptivity 05

Ground thermal abs arptivity 0.5000

Ground surface roughness (m) M

Farfield width (rm) 40,00

Deep-ground depth (m) Autocalculate
Options

kinirurn cell dimension (m) n.oz2

hasimurn cell growth coefficient 150

Simulation timestep 1-Hourly

Deep-graund boundary candition 1-Autaselect
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These are the Kiva Basic Foundation settings with concrete around the building with

reflectivity of 30%.

Soil Thermal Froperties

Sail conductivity (Wm-K) 1.28
Soil density (kgfm3) 1460.00
Soil specific heat (J/kg-K) 680,00
ice Properties
Ground solar absorptivity 0.7
Ground thermal absorpivity 0.5000
Ground surface roughness (m) n.ooz
Extent
Far-field wicth (rm) 40.00
Deep-ground depth (m) Autocalculate
Options
Minirmurn cell dirmension () 0.0z
Maximum cell growth coefficient 1,50
Simulation timestep 1-Haurly
Deep-ground houndary candition 1-Autoselect
3.2Construction

Concrete layer properties and settings used in all cases with concrete material (walls

or roof in all cities):

Source CIESE Guide
Category Flaster
< Region General
Material Layer Thickness
Force thickness Mo

Thermal Properties
Detailed properties ves
Thermal Bulk Properties

Conductivity (Wim-K) 1.7500
Specific Heat (J/kg-K) 100000
Density (kgim3) 2200,00

Resistance (F-value) No
Vapour Resistance
YWapour resistance definiion  1-Factor
YWapour factor 20
Wapour resistivity (MMNsfg.m) 10
Moisture Transfer
Include maoisture transter sett.. “ves
& Maisture transfer seftings  Generic Conc
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3.2.1 Insulated Walls

This type of wall is composed by 7 layers: melamine board, EPS, Mortar, concrete,
air layer, concrete and mortar. This is the composition suggested by Weber et al.
(2017) to correctly represent this type of wall commonly used in Brazil.

MNumber of layers 7
SyMaterial Flaca melaminica RS0
Thickness (m) 0.0080
[ Bridged?
SyMaterial EFS Caxias
Thickness (i) 0.0800
[ Bridged?
S;Materia\ Argamassa Caxias
Thickness {m) 0.0250
[ Bridged?
SyMaterial Bloco de concreto Caxias
Thickness (m) 0.0300
[ Bridged?
SyMaterial Ar parede Caxias
Thickness (nat used in thermal calcs) (m) 0.0800
SyMaterial Bloco de concreto Caxias
Thickness (m) 0.0300
[ Bridged?

Innermost layer
SMaterial Argarnassa Caxias
Thickness (m) 0.0250

The thermal properties of the insulated wall is described below.

Inner surface
Corrvective heat transfer coefficient (Wm2-K) 2,152
Radistive heat transfer coefficient (WYmz-ik) 5.540
Surface resistance [ma-KMW) 0,130
Outer surface
Convective heat transfer coefficient (4/m2-K) 19,870
Radistive heat transfer coefficient (Wmz-ik) 5130
Surface resistance [m2-KMW) 0.040
Mo Bridging
U-value surface to surface f/m2-K) 0,452
Rvalue (m2-Kaw 2,39
U-Yalue (W/m2-K) 0.420
“ith Bricging (BS EM 150 6346)
Thickness (m) 0.2760
Krn - Internal heat capacity (K4mz2-) 122,0000
Upper resistance limit (m2-K) 2,381
Lower resistance limit (m2-KA) 2,381
U-value surface to surface (Wimz-K) 0,452
R-alue (m2-kKhw 2,35
U-¥Yalue (W/m2-K) 0.420

3.2.2 Light Walls

In this type of wall, only one layer of material (concrete) was configured, with a
thickness of 10cm.
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Inner surface

Convective heat fransfer coefiicient (W/m2-K) 2.152
Radiative heat transter coefficient (W/m2-K) 5.540
Surface resistance (m2-AM) 0,130
COuter surface
Convective heat transter coefficient ¢m2-K) 19.670
Radiative heat transter coefficient (W/m2-K) 5130
Surface resistance (m2-KAW) 0.040
Mo Bridging
U-alue surface to suface (Wime2-K) 17.500
Rvalue (m2-Kaw) 0.227
U-Value (W/m2-K) 4.403
“With Bridging (B3 EN IS B)
Thickness {m) 01000
Krn - Internal heat capacity (KJ/ma-K) 110.0000
Upper resistance limit (m2-KA) 0.227
Lowwer resistance limit (m2-KAY) 0.227
U-alue surface to surface (Wim2-K) 17.500
Frvalue (m2-KAn) 0,227
U-Yalue (W/m2-K) 4,403

3.2.3 Heavy Walls

In this type of wall, only one layer of material (concrete) was configured, with a
thickness of 30cm.

Inner surface
Convective heat transfer coefficient (W/imz2-1) 2152
Radiative heat transfer coefficient (W/m2-K) 5.540
Surface resistance (m2-KM) 0130
Ciuter surface
Convective heat transfer coefficient (W/imz2-1) 19.870
Radiative heat transfer coefficient (W/m2-K) 5130
Surface resistance (m2-KM) 0.040
I Bridging
L-value surface to surface (WimzZ-K) 5.833
R-alue (m2-Kav) 0.341
U-Yalue (W/m2-K) 2,929
“With Bridging (BS EN 1S 46)
Thickness (m) 0.3000
K - Internal heat capacity (KJ/mz-K) 2200000
Upper resistance limit (m2-K0 0.3
Lower resistance limit (m2-KM) 0.341
L-value surface to surface (Wim2-K) 5833
R-value (m2-KAd) 0.341
U-Value {(W/m2-K) 2.929

3.2.4 Insulated Roof

This type of wall is composed by 3 layers: steel tile filled with polyurethane, air layer
and plaster board. This is the composition suggested by Weber et al. (2017) to
correctly represent this type of roof commonly used in Brazil.

MNumher of layers 3

CQutermo et

SeMaterial AcoePU
Thickness () 0.04z0

[ Bridged?

AR CB3E telhado caxias

) (m) 02500

Forro gesso Caxias

Thickness (m) 0.0300
[ Bridged?



The thermal properties of the insulated wall is described below.

surface

Convective heat transter coefficient (Wm2-K) 4,460

Fadiative heat transter coefficient Wm2-K) 5,540

Surface resistance (ma-KM) 0,100
Quter surface

Conwective heat transfer coefficient (Wiim2-K) 18,870

Radiative heat transter coefficient MWim2-K) 5130

Surface resistance (ma-KM) 0,040
Mo Bridging

U-alue surface to surface MWim2-K) 0e14

F-value (m2-KAW) 1,769

U-value (W/m2-K) 0.565
Wyith Bricging (BS EN IS0 5946)

Thickness (m) 03220

Kim - Internal heat capacity (KJfmz-K) 23,4900

Upper resistance limit (m2-KAW) 1,769

Lower resistance limit (m2-k W) 1,769

L-alue surface to surface (Wmz2-K) 0674

R-value (m2-KAn) 1,769

U-value (W/m2-K) 0.565

3.2.5 Light Roof
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In this type of roof, only one layer of material (concrete slab) was configured, with a

thickness of 5cm.

Inner surface

Corwective heat transfer coefficient (W/im2-K) 4,460
Fadiative heat transfer coeficient (Wim2-K) 5,540
Surface resistance (mZ-kKA4) 0.1aa
Outer surface
Cornective heat transfer coefficient (W/im2-K) 19,870
Radiative heat transfer coeficient (Wmz2-K) 5,130
Surface resistance (ma-kKA4) 0,040
Mo Bridging
L-Yalue surface to suface (W/ima-K) 35.000
Fevalue (m2-kh) 0164
U-Value (W/m2-K) 5.932
Wyith Bridging (BS EM IS0 6346)
Thickness (m) 0.0500
K - Internal heat capacity (KJ4fm2-K) 55,0000
Upper resistance limit (m2-KA4%) 0,769
Loweer resistance limit (ma-kKAN) 0.1e9
U-alue surface to surface (W im2-K) 35,000
F-value (m2-KM) 0,769

U-Value (W/m2-K) 5,932



3.2.6 Heavy Roof
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In this type of roof, only one layer of material (concrete slab) was configured, with a

thickness of 30cm.

Inner surface

Corvective heat transfer coefficient (W mz-K) 4,460
Radiative heat transfer coefficient Wm2-K) 5,540
Surface resistance (m2-KAW) 0,100
Outer suface
Convective heat transfer coefficient (W/m2-K) 19.870
Radiative heat transfer coefficient Wm2-K) 5130
Surface resistance (m2-KAW) 0,040
Mo Bridging
U-alue surface to surface (miz-K) b.833
R-value (m2-Kiw) 0,311
U-¥alue (W{m2-K) 3211
‘With Bridging (BS EM SO 6946)
Thickness (m) 0.,3000
Km - Internal heat capacity (KJ/mZ-K) 220.0000
Upper resistance limit (m2-FA4 0,311
Lower resistance limit (m2-KA) 0,311
U-/alue surface to surface Mmz-K) 5,833
E-alue (m2-KAN) 0,311
U-¥alue (W{m2-K) 3211

3.2.7 Optical Properties of Walls and Roofs

These are the Optical property settings for reflectivities of 10%.

Surface Froperties

Thermal absarptance (emissivity) 0.9000000
Solar absorptance 0.900
“isible absorptance 0,900
Roughness FRough
EI Colaur
[ Texure Brushed flat concrete
Fadiance Daylighting
tdaterial class 1-Flastic
Reflectance 0100
Specularity 0.000
Roughness 0,000

These are the Optical property settings for reflectivities of 30%.

Surace Properties

Thermal absorptance (emissivity) 0,9000000

Solar absorptance 0.70a

Wisible absorptance 0.70a

Roughness J-Fough

EI Colour

A Texture Brushed flat concrete
Fadiance Daylighting

Material class 1-Flastic

Reflectance 0.300

Specularity 0.00a

Foughness 0.00a



These are the Optical property settings for reflectivities of 50%.

Surface Properties

Thermal absorptance (emissivity)
Solar absorptance
Yisible absorptance

Foughness
EI Colour

nce Daylighting

Material class
Feflectance
Specularity
Foughness

These are the Optical property settings for reflectivities of 70%.

Surface Properties

0.9000000
0.500
0.500
3-Rough

Brushed flat concrete

1-Flastic
0,500
0.000
0.000

Thermal ahsorptance (emissivity)
Solar absorptance

Yisible absorptance

Foughness

EI Colour

A Texture

0.3000000
0.300
0.300
3-Rough

Brushed flat concrete

diance Daylighting

Material class
Feflectance
Specularity
Roughness

These are the Optical property settings for reflectivities of 90%.

Surface Properties

1-Flastic
0.700
0.000
0.000

Thermal absorptance (emissivity)
Solar absorptance

Yisible absorptance

Roughness

EI Colour

exture

0.3000000
0100
0.100
3-Fough

‘White

ance Daylighting

Material class
Feflectance
Specularity
Roughness

1-Flastic
0,900
0.000
0.000
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3.30penings: Free Aperture for Ventilation

These are the window settings for 5% of free aperture for ventilation.

Free Aperure

Opening position 2-Bottom
% Glazing area opens 5
Discharge coefficient 0.6500

These are the window settings for 35% of free aperture for ventilation.

Free Aperture

Dpening position 2-Bottarm
% Glazing area opens 350
Discharge coefiicient 0.6500

These are the window settings for 65% of free aperture for ventilation.

Free Aperture

Opening position 2-Baottom
% Glazing area opens 5.0
Dizcharge coefficient 0.6500
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These are the window settings for 95% of free aperture for ventilation.

Free Aperture

Opening position 2-Bottam
% Glazing area opens 950
Discharge coefficient 0.6500

3.4Electricity Generation Settings

Add Solar Collector - Hot Water

-if On Site Electricity Generation

Include electric load centres

Murmber of electtic load centres 1
gad Load centre 1 School DC with inverter

General
Name School DC with inverter
Cperation scheme 1-Base load
Electrical buss type J-Direct Current With [nverter
3 Inverter Example Inverter - Simple

Distribution and electrical cost (GBF) B00.00

Generator 1

DC generatar type 1-Fhotovaoltaic
#-FY solar collector solar collector 1
=olar Collectar
Solar collector type 2-Fhotovaltaic
Cost (GBR/m2) |600,000
Lewvel 1-Building
sphdaterial Bitumen Felt
Flat surface position 1-Upper surface
Fhotowaltaic Options
Ferformance type 1-Simple
) Ferformance model F* Constant Efficiency = 0,15

Heat transfer integration mode 1-Decoupled



Data Report (Mot Editable)
General
Bitumen Felt

Biturnen felt or sheet

Source BS EM 1252

Categaony Asphalts an

& Fegion England an
Material Layer Thickness

Force thickness [ a]

Thermal Properties
Detailed properies es
Thermal Bulk Properties
Conductivity (Wdfrm-K) 0.2300
Specific Heat (Jfg-K) 100000
Density (ko/m3) 1100.00
Resistance (Frvalug) No

Green Roof
Green roof No

Embodied Carbon

Embodied carbon data ... Yes
Embodied carbon (kg... 1,70

Conversion factor name  Saturated F
Source ICE w16
Assumption fMfactorbo.. Cradle to gr

Equivalent carbon data... Mo
Phase Change Properties
Fhase change material Mo
Cost

Cost type 1-Cost pers

Cost per suface area (G... 50.000
Cost permass (GBEF/kg) 1,000
Cost perwvolume (GBF/m... 500,000

Yapour Resistance
Yapour resistance definit.. 1-Factor
Yapourfactor 50000
Yapour resistivity (MNs/.. 10
Moisture Transfer
Includle moisture transfer ... MNo
Surface Properties
Thermal absorptance (e.. 0,9000000

Solar ahsorptance 0.870
Vigible ahsorptance 0,670
Roughness 3-Fough
Colour
B Texture Zald Spring
Radiance Daylighting
haterial class 1-Flastic
Ahsorptance 0.870
Feflectance 0130
Specularity 0.000
FRoughness 0,000
Transmissivity 0.000
Fraction diffused 0.000

274

Photovoltaic Generator - Simple
Pedformance Model

General

Fraction of surface with active solar cells
Conwversion efficiency input mode

Cell efficiency value

Rated electric power output (W)

[i4) Awvailability schedule

4. Input data only in passive survivability analysis:

Name PY Constant Efficiency = 0.15

0.9
1-Fixed
0,150
48000,00
On 2447

Items not detailed in images were not selected or had no specific setting.

4.1 Model Options: Simple HVAC

HYAC

HVAC
h 4

Simple HVAC

HVAC systems are modelied using Ideal Loads, fuel consumption is calculated from loads using

Sillnple
HWVAC sizing
Simple HYAC autosize method
Specify Simple/Design HYAC details
Auxiliary energy calculations
Mechanical ventilation method

4.2 Model Options: Cooling Design Calculation Options

Dehliled seasonal efficiencies
3-Autosize

1-EnergyPlus

2-Separate fans and pumps

2-deal loads

<<



275

Simulation method 1-EnergyFlus
Temperature contral 1-Airtemperature
[] Exclude all zone natural ventilation (infiltration is always included)

[[] Exclude all zone mechanical ventilation

Exclude heat recovery

4.3Activity Tab: Environmental Control

1" Enwvironmental Control

Heating Setpoint Temperatures

| Heating (°C) 12.0
| Heating set back ("C)

Cooling Setpoint Temperatures
| Cooling ('C) 26.0
| Cooling set back (*C) 40.0

4.4 HVAC Settings

4 Template Split + Separate Mechanical Yentilation
“echanical Ventilation

[¥] Cooled
[iCooling system Default
Fuel 1-Electricity from grid

Cooling system seasonal CoP 3.780
Supply Air Condition

(i1 Schedule All day

Natural Ventilation
On
Mixed Mode Zone Equipment

Mixed mode on

‘Wind and Rain

Temperature Control

Min outdoor tempersture (°C) 12,0
Max outdoor temperature ('C) 26,0
APPENDIX J

According to Sunpath studies using DesignBuilder, the 1.80m distance between
module bases avoid shadings on PV system from 8:00 to 17:30 in summer and from
9:30 to 15:30 in all cities.
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Sunpath Studies to avoid Shading on PV System Souce: DesignBuilder (2023).

Zone 1 — Caxias do Sul (RS)
21 December—28:00 21 December—18:00 21 June-9:30 21 June-15:30

Zone 2 — Nova Friburgo (RJ)
21 December—8:00 21 December—18:00 21 June - 09:30 21 June —15:30

Zone 3 — Florianépolis (SC)
21 December—28:00 21 December—18:00 21 June-9:30 21 June-15:30

Zone 4 — Brasilia (DF)
21 December—8:00 21 December—-18:00 21 June —-8:30 21 June —16:00
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Sunpath Studies to avoid Shading on PV System Souce: DesignBuilder (2023).
Zone 5 — Santos (SP)

21 December—28:00 21 December—18:00 21 June -8:30 21 June -16:00

Zone 6 — Goiania (GO)

21 December—8:00 21 December—18:00 21 June - 08:30 21 June —16:00

Zone 7 — Picos (PI)

21 December—8:00 21 December—17:30 21 June-8:00 21 June-16:30

Zone 8 — Belém (PA)

21 December—8:00 21 December—17:30 21 June - 8:00 21 June —-16:30
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The following graphs are DesignBuilder outputs that compare loads and local energy

production during the year.

Comparison of Annual Loads and Local Energy Production

Caxias do Sul (RS) — Zone 1

I Electricity (V

h/m2) I Generation (Electricity) (Wh/m2)
3000
: I I I I

1000

Fuel (Wh/m2)
°

N

o

S

S}
I

-2000-

-3000-

-4000-
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Florianépolis (SC) — Zone 3

Dec

Electricity (Whim2) W Generation (Electricity) (Wh/m2)
3000
: I I I I

1000

o

Fuel (Wh/m2)

N

o

S

S
I

-2000—

-3000—

-4000—
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Santos (SP) —Zone 5
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3000
2000 I I I I

1000

-1000

-2000-

-3000-
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Nova Friburgo (RJ) —Zone 2

I Generation (Electricity)

Electricity (Wh/m2)

3000

2000

1000

o

N

o

S

S}
I

-4000-
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Brasilia (DF) — Zone 4
[N Electricity (Wh/m2) BB Generation (Electricity) (Wh/mz2)
3000
2000
1000
g o
5
E -1000
-2000-
-3000
-4000-
Manth 2002 Feb Mar Apr Nov Dec
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Percentage of occupied hours in comfort and discomfort in Caxias do Sul (RS) —Zone 1
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Percentage of occupied hours in comfort and discomfort in Florianépolis (SC) — Zone 3
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Percentage of occupied hours in comfort and discomfort in Goiania (GO) — Zone 6
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APPENDIX M

Percentage of occupied hours in comfort and discomfort in Caxias do Sul (RS) - Zone 1
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Percentage of occupied hours in comfort and discomfort in Brasilia (DF) — Zone 4
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Percentage of occupied hours in comfort and discomfort in Picos (Pl) — Zone 7
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Optimized School Model
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Optimized School Model
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Optimized School Model
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Santos (SP) — Zone 5
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Optimized School Model
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Brasilia (DF) — Zone 4
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Optimized School Model
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Florianépolis (SC) — Zone 3
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Optimized School Model
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Nova Friburgo (RJ) — Zone 2
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Optimized School Model
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Caxias do Sul (RS) — Zone 1
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APPENDIX O

The following graphs are DesignBuilder outputs that compare loads and local energy
production, with PV System dimensioned to guarantee Passive Survivability in 2050

and 2080.

2050

Belém (PA) — Zone 8

I Room Electi HL h/m2) l:l Lighting (Wh/m2) I Cooling (Electricity) (Wh/m2)
6000 /M Electricity (Wh/m2) B Generation (Electricity) (Wh/im2) W Generation ( (Whim2 ! )
5000 2000-|
4000 10004
3000
o-
2000
g g
& 1000 £ 1000
< B
S o 3
3 -2000-
3 I
1000
-3000-
-2000-
3000 -4000-
-4000- 5000
-50001 Month 2002 Feb  Mar  Apr May Jun i Aug  Sep Oct Nov Dec
Month 2002 Feb  Mar  Apr  May Nov  Dec Room Electricity Whim2)[ 000 000 171956 180145 183333 163768 000 180145 171956 188333 171956 180145
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Picos (PI) — Zone 7
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Florian6polis (SC) — Zone 3 — Winter (May to October)
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Floriandpolis (SC) — Zone 3 — Summer (November to April)
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Nova Friburgo (RJ) — Zone 2 — Summer (November to April)

I Electricity (Wh/m2) B Generation (Electricity) (Wh/m2)

4000
3000
2000

1000

)

§|I\\\\I\\\\\

-4000 -
-5000
Month 2002 Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
whm2)[ 000 000 424246 388088 357135 307664 000 311244 312261 406316 365517 426756

Whim2)|4739,18

-3230,04 -4337,39 -3786,81 -3212,20 -2822,82 -3204,97 -4082,77 -3807,55 -430726 -342695 -4179,39

Room Electricity (

2) [ Lighting (Wh/m2) I Cooling (Electricity) (Wh/

Il Generation (Elect: Nhim2)
2000
~ | I I I I I I I
o]
Q
£ -1000-
£
B
2 -2000-|
I
-3000—
-4000-
-5000-
2002 Feb Mar Apr May Jun Jul Au Sey Oct Nov Dec
Month o y 9 p
Room EIeclNc\Ky‘Wh/mZ) 0,00 0,00 1719,56 180145 188333 1637,68 000 180145 171956 188333 171956 180145
ring Whin2)| 000 000 i2i0zi 120927 1832 LGS 000 120927 Lozl Ik 120zl dassr
Caohng(E\ecmm(y}iWh/ 2) ,00 0,00 282,69 780,17 32969 257,81 0, 11,7: 162,84 821,50 69540 1166,85
Generation (Electicity) (Whim2)|-4739,18 -3230,04 -4337,39 378681 -3212.20 -2822,82 -3204,97 -4082.77 -3807,55 -4307,26 342695 417939

Caxias do Sul (RS) — Zone 1 — Winter (May to October)
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Caxias do Sul (RS) — Zone 1 — Summer (November to April)
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Goiania (GO) — Zone 6
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Florianépolis (SC) — Zone 3 — Winter (May to October)
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Floriandpolis (SC) — Zone 3 — Summer (November to April)

/m2) M Generation (Electricity) (Wh/m2)

Month

2002 Feb

Mar  Apr  May Jun

Jul

Aug  Sep  Oct

Electricity (Whim2)

0,00

497644 481551 455824 317238

0,00

355760 366103 445816 4364,75 508392

X 0.0 X . X 5
Generation (Electricity) (Whim2)| -4332,19 -4149,00 385551 -3352,42 -2712,58 -2163,46 -2339,21 -2608,73 -3300,67 -3692.46 -3887.23 -424105

B Electricity (Wh/m2) B Generation (Electrici

Nttt

5000

4000

3000

2000

1000

Fuel (Whim2)
°
T

-1000-

-2000-

-3000

-4000-

-5000 -

297

Room Electricity (Wh
Generation (Ele

2000
1500
1000
500
o
-500-
-1000-
-1500-
-2000-
-2500-
-3000-
3500
-4000-
-4500-

Fuel (Whim2)

/m:

m2) Il Cooling (Electricity) (W

I\‘ | ‘lm

/m2)

2002

Month Feb

Mar

Apr May Jun  Jul

Aug  Sep  Oct

Nov

Dec

0,00
000
0,00

-4149,00

Room Electricity (Whim?)|
Lighting Whim2)| 0,00

Cooling (Electricity) (Whim2)| 0,00
Generation (Electricity) (Whim2) | -4332,19

0,00 171956
124021
2016,67
-3855,51

180145
120927
171479
-3352,42

188333
1358,32
131658

-2712.58

1637,68
118115 000
35355 0,00
216346 233921

0,00

180145 171956 188333
120927 124021 135832
45688 701,26 121651

171056 1
124021 1.
.51 140498 1
-2808,73 330067 -3692.46 -3

887,23

80145
299,27
983,20

424105

Nova Friburgo (RJ) — Zone 2 — Winter (May to October)
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Nova Friburgo (RJ) — Zone 2 — Summer (November to April)
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Caxias do Sul (RS) — Zone 1 — Winter (May to October)
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Generation (Electricty) (Whim2)|-4645,19 -3494,63 4493,16 -3981,30 -3204,38 -2845,62 -3106,30 -3862,80 -303445 425743 -3499,34 -386145
Il Room Electricity (Wh/m2) [ Lighti Il Cooling (Electricity) (Wh/m2)
M Generation ( ty) (Whimz2)
3000
2000-|
™ I I I I I
[N 0+
E
£
2 -1000-|
3
g
[
-2000-
-3000-
-4000-
-5000-
2002 Feb Mar Apr  May Jun Jul Aug Sep Oct Nov Dec
Month
Room Electicity Whim2)| 0,00 000 171956 180145 188333 163768 000 180145 171956 188333 171956 180145
Lighting (Whim2)| 0,00 000 124021 129927 135632 118115 000 129927 124021 135832 124021 129927
Cooling (Electricity) Whim2)| 0,00 000 256490 178345 53463 56292 000 56925 107282 1333.96 220066 296613
Generation (Electricity) (Whim2)| -4356,43 -4151,28 -3575,55 205381 -244446 -2422,66 -2759,82 -3068,73 -318198 -3566.73 423,87 -4664,61




298

Caxias do Sul (RS) — Zone 1 — Summer (November to April)

[N Electricity (Wh/m2) W Generation (Electr Room Electricity (Wh/m2) [ Lighting (Wh/m2) I Cooling (Electricity) (Wh/m2)
o . Generation (Electricity) (Wh/m2)
4000 2000
3000~ 1000
2000~
o
1000-| _
= )
8 £-1000
£ o s
B B
B <
= 3 -2000-]
T -1000-| 2 2000
I
-2000- 3000
-3000-) -4000-|
-4000-|
-5000-]
-5000-| Month 2002 Feb  Mar  Apr May Jun  Jul  Aug Sep Oct Nov Dec
2002 Feb Mar Apr  May Jun  Jul  Aug Sep Oct Nov Dec Room Electricity Whim2)[ 000 000 171956 180145 1883,33 1637,68 000 180145 171956 188333 171956 180145
Month Lighting (Whim2)| 0,00 0,00 124021 129927 135832 118115 000 129927 124021 1358,32 124021 129927

Electiicity Whim2)[ 000 000 344653 313417 325839 281883 000 310123 296182 3259.76 316731 4023,04 Cooling (Electricity) Whim2)| 0,00 000 48676 3345 1673 000 000 051 205 18 207,54 922,33
Generation (Electricity) (Whim2)| -4394,08 407541 -381895 321544 -2766,12 246255 -2745,71 -3257,04 -334549 -3851,50 -4446,73 -4823,03| Generation (Electricity) (Whim2)|-4394,08 -407541 -3818,95 -321544 -2766,12 -2462,55 -2745,71 -3257,04 334549 386159 -4446,73 -4823,03




