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IMPACTS OF CLIMATE CHANGE ON THE THERMAL AND ENERGY
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Abstract

Climate change points to a future scenario of heterogeneous projections of terrestrial
warming. In this context, buildings are responsible for a significant portion of the global
energy consumption, aimed at maintaining the thermal comfort of the occupants,
especially when it cannot be obtained through passive conditioning strategies. The
objective of the research was to compare the impact of climate change on comfort,
thermal performance and energy consumption of a naturally ventilated multifamily
building proposing to adapt the windows and vertical envelope system to the local
climate. Manaus, Vitdria, Brasilia and Porto Alegre were selected to carry out
simulations of a Real Model - representative of existing buildings - and an Optimized
Model - which incorporates recommendations from NBR 15575 and passive conditioning
strategies. The climatic scenarios considered were the present (based on the historical
period 1961-1990) and future (2020s, 2050s and 2080s). The results showed that, in
future scenarios, there is an increase in the number of hours of thermal discomfort due
to heat, both in the Real Model and in the Optimized Model. In general, the Optimized
Model minimized thermal discomfort, mainly in the current period and in the 2020 time
slices, but it showed, from the 2050s, a reduction in the ability to provide comfort,
considering the adoption of passive conditioning strategies. It is ratified that NBR 15575
could include parameters for future climate projections, adapting buildings to the
climate and containing anthropic climate changes.

Keywords: climate changes, thermal and energy performance, thermal comfort,
energy efficiency, building envelope.

Resumo

As mudangas climdticas apontam para um cendrio futuro de projecoes heterogéneas de
aquecimento terrestre. Nesse contexto, os edificios sdo responsdveis por uma parcela
significativa do consumo energético global destinado a manutengdo do conforto térmico
dos ocupantes, especialmente quando ndo pode ser obtido por meio de estratégias
passivas de condicionamento. O objetivo da pesquisa foi comparar o impacto das
mudangas climdticas no conforto, no desempenho térmico e no consumo energético de
uma edificacdo multifamiliar naturalmente ventilada a sua proposta de adaptacdo das
esquadrias e dos sistemas de vedacdo vertical ao contexto climdtico local. Foram
selecionadas Manaus, Vitéria, Brasilia e Porto Alegre para a realizagdo de simulagdes de um
Modelo Real (MReal) - representativo de edificacbes existentes — e de um Modelo
Otimizado (MOt) - que incorpora recomendag¢bes da NBR 15575 e estratégias de
condicionamento passivo. Os cendrios climdticos considerados foram o periodo atual (com
base na série histérica 1961-1990) e futuros (2020s, 2050s e 2080s). Os resultados
demonstraram que, em cendrios futuros, hd aumento no ntimero de horas de desconforto
térmico por calor, tanto no MReal quanto no MOt. Em geral, o MOt minimizou o
desconforto térmico por calor, principalmente no periodo atual e na parcela de tempo de
2020s, mas apresentou, a partir de 2050s, redu¢do na capacidade de proporcionar
conforto, considerando a adogdo de estratégias passivas de condicionamento. Ratifica-se
que a NBR 15575 poderia incluir pardmetros de projecoes climdticas futuras para
adequagdo das edificagdes ao clima e contengdo das alterages climdticas antrépicas.

Palavras-chave: mudangas climdticas, desempenho termoenergético, conforto térmico,
eficiéncia energética, envoltdria.
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Introduction

The impacts and risks of climate change have been discussed since the 1960s (MANABE;
WETHERALD, 1967), however studies on the topic were investigated further only from
the 1980s (ALVAREZ; BRAGANCA, 2018). In 2018, the temperature was 0.83°C higher
than the average from 1951 to 1980, and the last five years have been, overall, the
warmest on modern record (NASA, 2019). The increase in greenhouse gas (GHG)
emissions in the atmosphere, from human activities, is considered mainly responsible
for climate change.

According to the Brazilian Panel on Climate Change (PBMC, 2016), projected changes to
the climate could accentuate the vulnerabilities of cities, reducing their resilience
capacities and the occurrence, on a larger scale, of phenomena such as heat islands, air
pollution and floods. Thus, the environmental performance of urban structures,
including the building scale, influences the quality and length of stay in the
environments, thus ensuring the comfort conditions are known in these spaces
analyzing studies on the microclimate and human responses to these conditions.

Among the effects of the low environmental performance of buildings against climate
change are the physiological limits of heat tolerance. Considering environmental
conditions that do not allow adequate evapotranspiration, there is an imbalance of
physiological thermoregulation, which is limited by air humidity, which may lead to
greater difficulties in evaporating sweat, increasing the sensation of thermal discomfort
due to heat (RIVAS; ALLIE; SALVADOR, 2019; LAMBERTS; DUTRA; PEREIRA, 2014). This
imbalance poses risks, especially to the most vulnerable populations, such as children
and the elderly, consolidating scenarios that are less favorable to human life, especially
in places that project greater heating, demanding an increase in energy consumption to
maintain thermal comfort (ALVAREZ; BRAGANCA, 2018; KOCi et al., 2019).

Mora et al. (2017) highlight that about 30% of the world population is currently exposed
to climatic conditions that exceed the body's regulatory limit for at least 20 days per
year. Projections indicate that by 2100 this percentage could reach 74% in a scenario of
increasing emissions, so that the threat to human life due to excess heat will be
aggravated with the non-reduction of GHGs.

Inefficient buildings, not suited to local climatic conditions, can cooperate by increasing
energy consumption predicted for the future (OLONSCHECK; HOLSTEN; KROPP, 2011).
In Brazil, in 2019, they already accounted for about 45.8% of all electricity consumed
(EPE, 2020).

As for the future climate, the Intergovernmental Panel on Climate Change (PACHAURI;
MEYER, 2014), in its AR5 report, projects four GHG emission scenarios, called RCPs -
Representative Concentration Pathways. Scenario RCP2.6 is considered to be of low
emissions, scenarios RCP4.5 and RCP6 are intermediate, while RCP8.5 is considered the
most critical, with high GHG emissions. If current GHG emission standards are
maintained, without new mitigating measures, it is estimated that the average air
temperature will be 4.8 °C higher in 2100 than in the pre-industrial period (PACHAURI;
MEYER, 2014).

Faced with such projections of climate change and high energy consumption in the built
environment, adaptation strategies and solutions for buildings need to be considered
to future climate scenarios (FARAH et al., 2019; NUNES; GIGLIO, 2020), such as those
proposed by Guarda, Durante and Callejas (2020); Huang and Hwang (2016); Flores-
Larsen, Filippin and Barea (2019); and Alves, Duarte and Gongalves (2016), so that they
can become more resilient and efficient.
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Thus, this research aimed to compare the impact of climate change on thermal
performance, comfort and energy consumption of a naturally ventilated multifamily
building to its proposal for adapting openings and vertical sealing systems to the local
climate context.

Methodological procedures

The methodological procedures were organized into three stages: 1) Selection and
climatic characterization of the sample cut and “morphing” of the climate files; 2) Case
study — model characterization; 3) Thermal performance analysis, simulation and
thermal comfort analysis and energy consumption of the models.

Selection and climatic characterization of the sample cut

For the selection of the sample, capital cities located at different latitudes and
Bioclimatic Zones (BZ) were chosen, which presented different future climatic
conditions, according to the projections of the HadCM3 model, for the A2 emissions
scenario, and which had files in EnergyPlus Weather (EPW) format to run the
simulations. Thus, Manaus and Vitdria (ZB8), Brasilia (ZB4) and Porto Alegre (ZB3) were
defined, according to territorial climatic differences, whose characteristics are
presented in Table 1. Although Manaus and Vitdria are located in ZB8, the proposal to
review the Brazilian bioclimatic zoning distinguishes its climatic characteristics (RORIZ,
2014).

Table 1 - Climate characterization of cities

Monthly average Rainfall Average TBU
City Population Latitude/Longitude Altitude (m)  Class. Képpen temperature e
Min. Max. i Min. Max.
Manaus 2,219,580 03°6'S/ 60°W 92.0 Equatorial 21.5°C 27,5°C 2307.4 25.02°C  25.08°C
(Jun) (Oct)
Vitéria 365,855  20° 32’ 5/40° 32'W 9.0 Coastal 21.8°C 28,9°C 13186 ~ 1825°C 2357°C
tropical (Jun) (Jan)
Brasiia 3,055,149  15°46'S/47°55'W 11710 ropia@lwith g 22,0°C 15406 ~ 1328°C 1959°C
dry season (Jul) (Jan)
Humid
Porto - o subtropical R N 12.22°C 21.73°C
Alegre 1,488,252 30°5'S/51° 14'W 3.0 with hot 14.75 °C 24,9°C 13204 (ul) (Jan)
summer

Source: IBGE (2021); INMET (2018); LAMBERTS; DUTRA; PEREIRA (2014).

To convert current weather files into future files, the CCWorldWeatherGen tool (version
1.9) was used, developed according to the methodology proposed by Jentsch et al.
(2013), which allows calculations based on the “morphing” method, proposed by
Belcher, Hacker and Powell (2005). The “morphing” process consists of three steps: i)
deviation in the current hourly climate file and addition of the projected monthly
average variation for the future climate, ii) extension of the current hourly climate file
by ordering the projected monthly average variation and iii) combining the previous
steps (BELCHER; HACKER; POWELL, 2005; GUARDA; DURANTE; CALLEJAS. 2020).

For Brasilia, Vitdria and Porto Alegre, climate files equivalent to the historical period
from 1961 to 1990 were used, with an EnergyPlus Weather (EPW) extension, based on
the TRY format, compiled in 2005, using data from INFRAERO - Empresa Brasileira de
Infraestrutura Aeroportudria. (LABEEE, 2005), according to the instructions of the
conversion tool used. For Manaus, which does not have a file available in the TRY
format, the EPW climate file was used, produced from data from the National Institute
of Meteorology - INMET, 2016 (LABEEE, 2021).
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Case study - characterization of models

In this study, the 'Real Model' (MReal) was adopted as the representative model of the
residential building standard of the Technical Quality Regulation for the Energy
Efficiency Level of Residential Buildings - RTQ-R (INMETRO, 2012), as it presents
common characteristics to the buildings built in Brazil.

MReal has a ground floor (pilotis) and five floors with four housing units each,
containing a living room, two bedrooms, a kitchen, service area and bathroom, totaling
approximately 70 m? (Figure 1).

Figure 1 —Real Model (MReal)
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Source: authors, adapted from INMETRO (2012) and Machado (2019).

For the MReal analysis, the third floor was selected, as it characterizes the influence of
the External Vertical Sealing System (EVSS) and openings better, justified by the
percentage of samples of intermediate floors in relation to ground floors and roofs in
the verticalization process of the buildings.

Bedroom 2, a Long Permanence Room (LPR), was evaluated, located at the corner of
the tower. It had greater exposure of opaque surfaces to solar radiation through two
facades, and, to allow an evaluation of the EVSS and openings, it was made a variation
of the positioning of the openings in each sample of the evaluated room, prioritizing the
analysis of the performance of the building considering the change in the position of the
window in the main cardinal directions (Figure 2).

Figure 2 - Floor plan with the positioning of the simulated environment in relation to the openings
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Source: Machado (2019).
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For the MReal openings, the minimum proportions established by the building codes of
each municipality were used, considering a standard aluminum and glass frame. For the
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Table 2 - Thermal properties of the envelope elements for the third floor of the MReal

EVSS, a ceramic block was used, replicating a recurring system throughout the national
territory. Although concrete blocks are also a widely used system in Brazilian civil
construction, previous analyses have shown that under these conditions, the ceramic
block presented worse thermal performance (MACHADO, 2019). Thus, it was decided to
adopt the ceramic block, aiming to evaluate the worst thermal performance scenario
among the most used sealing materials in the country.

Based on Mreal, the 'Optimized Model' (MOt) was proposed, inserting a ventilated
facade, theresizing of the openings and the proposal of a dynamic frame model, in order
to reassess its thermal performance, comfort and energy efficiency, considering its
adaptation to climate change using passive strategies, recommended by Brazilian
standards (Figure 3).

Figure 3 - Reference Model and Optimized Model

Source: Machado (2019).

Thermal performance analysis, simulation and analysis of thermal comfort and
energy consumption of the models

The MReal was analyzed by the simplified procedure of NBR 15575, thus assessing
whether it would obtain the minimum thermal performance, which is mandatory (ABNT,
2021). To analyze the thermal performance, the thermal characteristics presented in
Tables 2 and 3 and the operational properties in Table 4 were used.

(continued)

Thermal properties of materials used in ceramic block masonry?

Masonry in ceramic block (9x14x24cm), with 6 square holes and 2.5cm plaster on the external and internal faces (14cm)

Wall thermal transmittance (U) 2.46 W/ (m2.K)
Emissivity (€) of walls and floor 0.9
Absorbance (a) of walls and floor 0.3
Details of wall layers with material properties 2
D Density Specific heat Uil
Layers Materiais Thickness (m) conductivity(W/m (kg/m?) (/ke.K) resistance
K) : (m2.K/w)
5 1st Plaster 0.025 1.15 2000 1000 -
& 2nd Ceramic block 0.01 0.9 1600 920 -
“"',, 3rd Air 0.03 - - - 0.16
b 4th Ceramic block 0.01 0.9 1600 920 -
5th Air 0.03 - - - 0.16
6th Ceramic block 0.01 0.9 1600 920 -
7th Plaster 0.025 1.15 2000 1000 -
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Table 2 - Thermal properties of the envelope elements for the third floor of the MReal

(conclusion)

Thermal properties of slabs and roofs 2

Solid 10.0cm thick concrete slab between floors — 2 times

Cover thermal transmittance (U) 3.73 W/(m2.K)
Thermal Capacity (Ct) 220 kl/m?.K
Roofing system with solid concrete slab 10.0cm thick, air layer and fiber cement tile — 1 time
Cover thermal transmittance (U) 2.06 W/(m?2.K) o >
Thermal Capacity (Ct) 233 kJ/m2.K N
Details of cover layers with material properties 2
Thermal . - Thermal
Layers Materiais Thickness (m) conductivity(W/m ?ke?snsy Speu:c heat resistance
X g/m?) (J/kg.K) (M2.K/W)
1st Ceramic floor 0.01 0.9 1600 920 -
'g 2nd Subfloor 0.025 1.15 2000 1000 -
§ § 3rd Concrete slab 0.1 1.75 2200 1000 -
V= 4th Plaster 0.025 1.15 2000 1000 -
o 1st Fiber cement tile 0.008 0.95 1800 840 -
S~ 2nd Air 0.2 - - - 0.16
« 3rd Concrete slab 0.1 1.75 2200 1000 -

NOTE: * Considered coverage and two floor slabs of the upper floors; 2 Based on ABNT (2005) and INMETRO (2012), 7 Coverage. Source: the authors.

Table 3 - Minimum thermal performance criteria by the simplified procedure of NBR 15575 (2021)

City NBR 15575 parameters
Upar CTpar PvAPP PtAPP AtAPP Ucob
Manaus <3.7 W/(m2.K) - >12% <20% <4.0m? <1.5.FT
Vitdria - > 8%
Brasilia 2130 27% <15

Porto Alegre

Source: authors, based on ABNT (2021).

Table 4 — Mreal operational properties

Openings, operation and thermal properties of frame materials

Characteristics

Dimensions

Bedroom (permanently occupied area)

15 m?

2.40 x 1.30 x 1.10 m (height x width x sill)

Windows for Manaus

Total area: 3.12 m?

Useful ventilation area: 1.56 m?

1.80 x 1.30 x 1.10 m (height x width x sill)

Windows for Brasilia and Vitéria

Total area: 2.34 m?

Useful ventilation area: 1.17 m?

2.00 x 1.30 x 1.10 m (height x width x sill)

Windows for Porto Alegre

Total area: 2.60 m?

Useful ventilation area: 1.30 m?

Window model

Opening control?

Two aluminum sliding sheets with glass pane

8 am—9 pm = 100% of open window = 50% useful ventilation area

9 pm — 8 am = 100% of closed window = no useful ventilation area

Thermal properties of frames

Thermal transmittance (U) of aluminum frame

5.88 W/(m?.K)

Thermal transmittance (U) of clear glass 6mm

5.77 W/(mZ.K)

Occupancy parameters, characteristics and thermal gains of the equipment

Occupation Use

User?

8 am —1 pm: 0% occupied

1 pm —10 pm: 50% occupied

10 pm— 8 am: 100% occupied

Human parameters*

Clothing: Summer = 0.5 Clo / Winter = 1.0 Clo

Metabolism: 90 W/person

Standard occupation: 2 people

Thermal gains of equipment

Artificial lightingl® (6 pm — 10 pm) = 5 W/m?

Computer? (1 pm—10 pm) = 3.9 W/m?

NOTE: 2 The sliding system allows a maximum ventilation area of 50% of the total window area; 3 Based on the work of Nico-Rodrigues et al. (2015);
Based on Lamberts, Dutra and Pereira (2014); > Based on INMETRO (2012); ® Based on ABNT (2005) and INMETRO (2012). Source: the authors.
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The same thermal characteristics of the MRef were used as areference in the simulation
and analysis of the thermal comfort of the MOt, adding the properties and physical
characteristics of the ventilated facade (Figure 4), characterized by the fitting of
porcelain tiles 10 cm away from the sealing, as well as the increase in openings and
dynamic frames.

Figure 4 - Multifamily building model and ventilated facade
Hot Air

BUILDING Hotlr
4
-
i1
Cold Air
Cold
——————

Source: authors, adapted from Elianetec (2021).

The proposed window model allows control by the building occupants, configuring an
adaptive comfort strategy (ABNT, 2005; ASHRAE, 2004). The MOt windows have larger
dimensions and allow selective ventilation, indicated for ZB8 and ZB4, as well as
dynamic shading, also allowing the entry of solar radiation in winter, recommended for
ZB3. It was divided into two parts: ventilated sill in the lower portion and guillotine in
the upper portion. The windows are also shaded by wooden shutters: fixed on the
ventilated sill and on the upper portion of the guillotine; and furniture, in the maxim-air
system, in the central portion of the window, allowing permeability and constant
ventilation, contributing to the thermal comfort inside the environment (Figure 5).

Figure 5 -MOt frame model
Brasilia and Porto Alegre Manaus and Vitéria Solar Protection System

230

T
l

55

Fixed Shutter

55

120

Guillotine
Window
Ventilated
Slil
A 80 ! 80 125 125

Maxim-Air
System

Fixed Shutter

160

. .
{ 250 [

Source: authors, adapted from Machado (2019).

To evaluate the thermal performance, the MReal simulation was initially performed
using the DesignBuilder software, version 3.4.0.041 (DESIGN BUILDER SOFTWARE,
2014). The MReal was simulated implementing windows oriented to North, South, East
and West and for a period of one year, considering the 'current period' as the historical
period of 1961-1990/2001-2010 - basis for preparing the climate files, and in the time slices
2020s (average from 2011 to 2040), 2050s (average from 2041 to 2070) and 2080s
(average from 2071 to 2100) (PACHAURI; MEYER, 2014).
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For Brasilia, Porto Alegre and Vitdria, formatted climate files based on the historical
series from 1961-1990, compiled in 2005 from data from INFRAERO - Empresa Brasileira
de Infraestrutura Aeroportudria, (LABEEE, 2005) were used, as recommended of the
conversion tool (JENTSCH et al., 2013). However, for Manaus, the file in EPW format was
used, referring to INMET 2016 data, prepared based on measurements from
meteorological stations from 2001 to 2010, as the city did not have records of the
previous historical series, suitable for the conversion tool. Although not ideal, it is a
practical resource, closer to reality and acceptable for studies in buildings (JENTSCH et
al., 2013).

The model simulation was carried out for scenario A2, of the fourth IPCC report, which
can be compared to the RCP 8.5 emissions scenario of the IPCC-AR5 (PACHAURI;
MEYER, 2014), and was selected because it characterizes a context of maintaining high
emissions of GHG, indicating the most critical conditions to which buildings may be
subjected in the future climate.

From the MReal simulations for each city and time period, the comfort temperatures
were defined, determined from the relationship between the External Monthly Average
Temperatures (Te) and the internal hourly Operative Temperatures (To). The limit range
for comfort temperatures was obtained from Equation 1, where the Neutral
Temperature (Tn) is the result of multiplying Te by the factor 0.31, whose value is added
to 17.8 (ASHRAE 55, 2010).

Equation 1: Calculation of Neutral Temperature (Tn)

Tn=0,31(Te) +17,8

Source: ASHRAE 55 (2010).

The thermal discomfort linked to the MReal was evaluated through the Cooling Degree
Hours (CDH) index, that is, the number of hours required for cooling, already
disseminated by authors such as Oliveira, Sakiyama and Miranda (2017), among others.
To define the maximum acceptable limit for the comfort temperature, it is necessary to
add 2.5 °C to the value of Tn, resulting in Equation (2), considering the adaptive thermal
comfort model of ASHRAE 55, for 90% acceptability, according to authors and
international standards, which define it as predictive for naturally ventilated buildings
(ASHRAE, 2004; EUROPEAN COMMITTEE FOR STANDARDIZATION, 2007; NICOLS;
HUMPHREYS, 2002).

Equation 2: Calculation of Cooling Degree Hours (CDH)

CDH = Y([To — [Tn + 2,5°C))

Source: Adapted from ASHRAE 55 (2010).

Next, the MOt was simulated for the same cities of the sample, maintaining the same
standards of MReal input data (Tables 2 and 4), in addition to the same analysis
procedures, in order to compare the possibilities of adaptation of multifamily buildings
existing naturally ventilated spaces, to climate change scenarios. The MOt was
simulated with the windows facing the orientation that, in the MReal, presented the
most critical conditions of thermal comfort in each city.

The analysis of the energy consumption of the two models (MReal and MOt, in each
city) was simultaneous to that of thermal comfort and was based on the number of
hours in which there was a need for cooling caused by thermal discomfort (3GHR),
allowing to infer the frequency use of household appliances to minimize discomfort
through mechanical cooling of indoor environments. A table ventilator and a split air
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conditioner was considered, which have the lowest average monthly consumption
(kwh) among the equipment in the 'Table of estimation of average monthly
consumption of household appliances according to a hypothetical use'. (PROCEL INFO,
2006; ELETROBRAS, 2015), presented in Table 5.

To define the thermal load (kWh) needed to reduce thermal discomfort, the annual
>GHR was considered. Although the objective of the work is not to evaluate the
contribution of air conditioning equipment and ventilators in the thermal comfort
conditions of the occupants, the analysis of energy efficiency was based on the probable
average annual consumption (kWh/year), estimating that these appliances could be
used to reduce thermal discomfort in the recording hours of the GHR, contributing to
the increase in energy consumption in homes. The tariff and tax values for each city
were collected and calculated according to each electricity distributor (Table 5). The
energy bill resulted from the tariff values already added to the taxes and in Reais (R$),
presented in Equation 3, multiplied by the consumption (kWh) of each model.

Table 5: PIS/PASEP and COFINS rates for 2020*

Application fees ! - Residential Subgroup

City Distributor | Conventional tariff 2 (RS/kWh) | ICMS? (%) | Average hourly consumption of | Average hourly consumption of an
a table ventilator ° air conditioner®

Vitdria EDP 0.57
Manaus AmE 0.693
Brasilia CEB 0.515 - 0.0720 0-929
Porto Alegre CEEE 0.549

Period PIS / PASEP (%) COFINS (%) Total (%) Period PIS / PASEP (%) COFINS (%) Total (%)
December/2020 0.6969 3.1968 3.8937 June/2020 0.4046 2.2196 2.6242
November/2020 0.8830 4.0375 4.9205 May/2020 0.8760 4.0348 4.9108
October/2020 0.9681 431409 5.2821 April/2020 1.2860 5.9235 7.2095
September/2020 0.5293 2.6489 3.1782 March/2020 0.8312 3.8283 4.6595
August/2020 0.5986 2.7448 3.3434 February/2020 1.0532 4.8509 5.9041
July/2020 0.4631 2.1337 2.5967 January/2020 1.0201 4.6899 5.710

NOTE: 'TUSD +TE (R$/kWh); 2Considering green tariff flag; 3 Exempt from the ICMS agreement for Subclass Residential B consumers, with a
consumption range from 0 to 50 kW/h; # Last year of full publication of tariffs; and 5 According to Procel Info (ELETROBRAS, 2015). Source: authors.

Equation 3: Energy tariffs with taxes - calculations based on 12/11/2019

Tarif f ANEEL

Taxes %
100

Rate with taxes =

Note: ANEEL tariff = TUSD + TE (RS); and Taxes = PIS/PASEP + COFINS + ICMS (%). Source: authors, based on ANEEL (2019a);
ANEEL (2019b).

Results

Thermal performance analysis for acceptable comfort condition in the analyzed
models

The simplified procedure of Amendment 1 of NBR 15575 (ABNT, 2021) showed that the
MReal does not obtain the minimum level of performance in Manaus, Vitdria and Brasilia
as the percentage of opening for ventilation of the long-term environment (PvAPP)
does not meet the specifications of the standard (Table 6), highlighted in red, and that
the interventions presented in the MOt would meet the minimum performance
requirements of NBR 15575/2021.

€022025-9 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. €022025, 2022, ISSN 1980-6809



MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

Table 6 - Thermal Performance of the Real Model (Mreal) by the simplified procedure of NBR 15575 (2021)

City Mreal results
Upar CTpar Pvarp Ptapp Atapp Ucob
Manaus 10% 20% 3.12m?
\;r::;?a 2.46 W/(m?.K) 6.26% | 12.52% 1.88 m? 2.06 W/(m2.K)
150 kJ/ m?K
Porto Alegre 8.33% 16.66% 2.50 m?

Source: authors, based on ABNT (2021) and local building codes

As shown in Figure 6, the MReal simulation confirmed that, despite meeting the other
regulatory requirements, the model already linked, in the current period, a high level of
thermal discomfort due to heat, that is, outside the acceptability limits for 90% and 80%
comfort (ASHRAE, 2004), for most of the year, in selected cities.

Figure 6 — Point cloud representing comfort in the Real Model (MReal) for 2018by the simulation procedure of NBR 15575

o
S ¥

9}
W

Internal operative temperature (°C)

N w
9 %W &

~
w

internal operative temperature (°C)

Vitéria Manaus

35
31
27

23

Internal operative temperature(°C)

19 19
15 15
10 15 20 25 30 35 10 15 20 25 30 35
Average daily outdoor dry bulb temperature (°C) Average daily outdoor dry bulb temperature (°C)
Brasilia Porto Alegre

Internal operative temperature (°C)

19 =
15
10 15 20 25 30 35 10 15 20 25 30 35
Average daily outdoor dry bulb temperature (°C) Average daily outdoor dry bulb temperature (°C)
Subtitles: Spring M Summer [ Autumn [l Winter — — — 90% acceptability limits 80% acceptability limits

Source: authors.

In the analysis of the time intervals of 2020s, 205e0s and 2080s, according to the A2
emissions scenario (PACHAURI; MEYER, 2014), the general assessment of the Real
Models showed that the contemporary construction standards used in the building, link
a significant slope to the increase in thermal discomfort due to heat considering climatic
projections. Considering the average lifespan of 50 years of a building, added to climate
changes and their impacts on the imbalance of the climate system, the MReal proved to
be inadequate for the future climate for thermal comfort (Figure 7).

In all scenarios, there was a displacement of the point cloud, extrapolating the comfort
limits of 90% and 80% of acceptability. The trend line for the increase in heat discomfort
throughout the 21st century (Figure 8) shows a preponderance of thermal discomfort,
especially in the 2080s, pointing out the need to expand the use of active conditioning
strategies - for example, through ventilators and air conditioners — for at least half the
hours of the year, in all cities analyzed.
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Figure 7 — Point cloud representing comfort in the Real Model (MReal) by the simulation procedure of NBR 15575 in the time intervals of 2020s,
2050s and 2080s
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Figure 8 - Trend of progression of thermal discomfort by heat in the Real Model (MReal) in Vitéria, Manaus, Brasilia and Porto Alegre, in the current
period and in the time intervals of 2020s, 2050s and 2080s
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Source: authors.

Porto Alegre has the lowest annual thermal discomfort index, from 2020s to 2080s.
Moreover, the city already links, in the current period, more than 128 full days of heat
discomfort during the year, and can count on up to 265 days of discomfort in 2080s. In
the A2 scenario, Brasilia projects an increase in the average temperature near the
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surface of 2 °C and 3 °C, in 2050s and 2080s, respectively, which is greater than Vitdria,
which can reach 1.5 °C in 2050s and 2 °C in 2080s (WORLD METEOROLOGICAL
ORGANIZATION, 2021).

Although the annual discomfort is greater in Vitdria, which already has the highest CDH
as the current period, a more significant percentage increase is noted in Brasilia. The
impact of climate change could increase heat discomfort in the 2020s by more than 52%
in the city, demonstrating greater intensity in the first decades of the 21st century
compared to the 2050 and 2080 periods, with increases greater than 16% and 13%,
respectively. However, in absolute values, the ascending trend line in the increase in
discomfort shows that the MReal may present, in Brasilia, more than 305 days of
discomfort in the period 2050s and almost 348 days in the average of 2080s.

Vitéria and Manaus, stood out in terms of the increase in thermal discomfort caused by
heat considering climate change. In Vitdria, more than 320 full days will be thermally
uncomfortable in the MReal occupation. The discomfort may rise, in the 2050s and
2080s, more than 348 days and 362 whole days.

In Manaus, the MReal no longer provided even 7 full days of comfort in the current
period. In 2020s, the model will only provide a single full day (24 h) of comfort to users.
This discomfort will be aggravated in the 2050 and 2080 periods, and will reach, in the
second interval, not having any hour of thermal comfort inside the APP, throughout the
year, characterizing a permanently uncomfortable model without artificial conditioning.

The greatest rigors correspond to spring and summer, with occurrences in fall and
sporadic records in winter. However, in view of climate change and projected warming,
all stations begin to present greater uniformity in the increase in thermal discomfort,
indicating a decharacterization of the stations as they are currently known (Figure 9).

Figure 9 - Analysis of thermal discomfort by heat in the Real Model (MReal) in Vitdria, Manaus, Brasilia and Porto Alegre, in the current period,
2020s, 2050s and 2080s, by season

Porto Alegre
Brasilia
Manaus
Vitdria

Porto Alegre
Brasilia
Manaus
Vitdria

Porto Alegre
Brasilia
Manaus
Vitdria

Porto Alegre
Brasilia
Manaus
Vitdria

Period
20508 2080s

20208

2018

Source: authors.

[ ... |
I
L. ]
L. ]

. |
[ EEaaa—— |
L. ]
I —
|
L. |
I S
I —
L]
L |
I —
.. |
(0] 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

GhDT (C°/h.day)/year

Spring B Summer MBFall B Winter

The new simulations with the MOt propositions demonstrated the model's ability to
reduce discomfort since the current period. The contribution of the adequacy of the
windows and the ventilated facade system to the feasibility of the occupation of the
dwellings in better comfort condition for a longer period of time in the coming decades
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is highlighted as the other components of the envelope used in the MReal were not
altered.

Although the MReal hourly records show greater uniformity in all cities, even with the
greater floating points, especially in the summer and spring seasons, the interventions
in the MOt provided a decrease in the hours of discomfort due to heat, presenting
greater cloud framing of points in the acceptability limits for thermal comfort (Figure
10). If compared to the MReal, the MOt also significantly helps in adapting the model to
future climatic conditions, with records of thermal comfort during a greater annual
hourly portion, featuring advantageous solutions for changing the openings and the
EVSS (Figure 11).

Figure 10 — Point clouds representing comfort in the Optimized Model (MOt) by the simulation procedure of NBR 15575 in the current period
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Source: authors.

The behavioral profile of comfort is different for cities with a warmer and more humid
climate, such as Vitdria and Manaus. In Porto Alegre and Brasilia, the comfort trajectory
indicates greater uniformity in climatic conditions during the analysis period,
concentrating the points in a more linear stretch of the graph area. Thus, there is greater
constancy in the discomfort panorama, guided by the growing tendency to increase in
temperature.

However, in Vitéria and Manaus, the more dispersed points indicate greater floating
between the hourly records of external air-dry bulb temperature and the operating
temperature. As the radiant temperature and the relative humidity of the air directly
influence the operating temperature, this factor can be understood by the higher
relative humidity of the air in these cities. Thus, a building with the same characteristics
presents distinctions in the thermal behavior in cities with higher humidity levels.

Consequently, the high humidity in the current period, added to the increase in local
temperature and the increase in water vapors in the atmosphere, in the time intervals
of 2020s, 2050s and 2080s, considering the A2 scenario, can intensify the degree of user

€022025-13 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809



MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

discomfort due to heat in these cities. Numerical values of minimization of the tendency
to progression of discomfort, through MOt, are shown in Figure 12.

Figure 11 — Point clouds representing comfort in the Optimized Model (MOt) by the simulation procedure of NBR 15575 in the time intervals of
2020s, 2050s and 2080s
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Figure 12 - Minimization in the trend of thermal discomfort by heat in the Optimized Model (MOt) in Vitéria, Manaus, Brasilia and Porto Alegre, in
the current period and in the time intervals of 2020s, 2050s and 2080s
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In Porto Alegre, which already had the lowest overall discomfort rate for the MReal, the
adaptation of the openings and the EVSS provides, in the current period, a reduction of
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more than 85 full days of discomfort due to heat during the year. For the time intervals
of 2020s, 2050s and 2080s, the decrease in discomfort would reach more than 103, 110
and 122 days, respectively.

If the MOt had already been implemented in the current period, the residents of the city
of Brasilia would experience, in this year, almost 135 fewer days of discomfort due to
heat, reaching, both in the 2020s and in the 2050s, a reduction of almost 185 days. For
2080s, the alleviation of thermal discomfort in the country's capital would exceed 138
days of the year.

In Vitéria, the incorporation of more efficient windows to the EVSS of the MOt entails,
in the current period, a reduction of more than 186 full days of discomfort due to heat
during a year. Considering the 2020s, 2050s and 2080s, the decrease in occupant
discomfort would be greater than 176, 153 and 76 days, respectively.

In Manaus, the municipality that spends the most heat discomfort among the cities in
the sample, changing the openings and EVSS in the current period could provide a
decrease of more than 201 days of discomfort. For the 2020s period, the reduction in
discomfort would exceed 45 days. In 2050s, the minimization of discomfort would
correspond to about 12 days and in the 2080s, only 1 day.

Thus, the constructive adaptations proposed according to NBR 15575-2021 are able to
provide the minimization of thermal discomfort due to heat in the residential building
evaluated. However, the progressive reduction in the capacity to alleviate thermal
discomfort over time is notorious, especially in cities with a hot and humid climate, such
as Manaus and Vitdria, currently located in the ZB8. These data indicate that even
passive strategies recommended by specific regulations, such as NBR 15575 (2021), will
become obsolete and insufficient for the proper conditioning of buildings considering
the rigor of the impacts of climate change.

Figure 13 demonstrates that, even implementing changes in openings and EVSS, in
future climate contexts, seasons that are often characterized by milder climates in
terms of heat, such as fall and winter, will lose this characteristic, becoming as rigorous
as spring and summer for thermal comfort conditions, mainly in Manaus and Vitdria.

Figure 13 - Minimization in the trend of thermal discomfort by heat in the Optimized Model (MOt) in Vitdria, Manaus, Brasilia and Porto Alegre, in
the current period and in the time intervals of the 2020s, 2050s and 2080s

Porto Alegre
Brasilia

Manaus

2080s

Vitéria
Porto Alegre
Brasilia

2050s

Manaus

Vitéria

Periodo

Porto Alegre

Brasilia

020s

Manaus

2

Vitéria
Porto Alegre
Brasilia

2018

Manaus

Vitéria

Source: authors.

[ EE—

| s
I
]

.|

]
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
GhDT (C2/h.day)/year

Spring MSummer MFall ®WWinter

€022025-15 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809



MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

Analysis of the energy efficiency of the models

Figure 14 illustrates a graph showing annual electricity consumption (kWh/year) of the
Real Model (MReal) and the Optimized Model (MOt), emphasizing that the MOt is also
characterized as advantageous in relation to the MReal, in terms of energy consumption
electricity (kWh/year) for the operation of the ventilator or the air conditioning, whose
nexus corresponds to the significant reduction of the thermal discomfort caused by
heat by the users. For the time intervals of the 2020s, 2050s and 2080s, the annual
consumption represents the average consumption of the years encompassed by each
interval.

Figure 14 — Graph of annual electricity consumption (kWh/year) of the Real Model (MReal) and the Optimized Model (MOt)
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NOTE: the consumption values were extracted from the 'Table of estimated average monthly consumption of household appliances according to a
hypothetical use' (ELETROBRAS, 2015), considering the items 'Table ventilator' and 'Split air conditioning less than or equal to 10,000 BTU', due to the
lower consumption of equipment. Source: the authors.

The ventilator operation entails a lower consumption of electrical energy compared to
the air conditioner. The highest demands for energy for this purpose occur in Manaus
and Vitdria, respectively, as they have the longest periods of discomfort due to heat
among the municipalities in the sample. Even with constructive adaptation actions,
Manaus and Vitéria maintain the proportion of consumption in relation to Brasilia and
Porto Alegre.

Despite the improvement in comfort conditions attributed to the MOt, the trajectory of
power consumption indicates the obsolescence of passive conditioning strategies given
the temperatures projected for the next decades. In some scenarios, especially from the
time interval of 2050s, there is probably a need to use air conditioning to obtain comfort
indices in the indoor environment.

Thus, the increase in temperatures in the cities considered in this research, over the next
decades, will lead to an increase in electricity consumption for the operation of
equipment that provides thermal comfort in the residence. This panorama is directly
reflected in the energy costs of housing units for the operation of artificial thermal
conditioning devices. Based on current calculation standards, the projection of energy
distribution costs also indicates that the MOt can provide savings to residents of all
evaluated cities.

However, even adapting the construction to the present climate, according to the
normative recommendations in force in Brazil, the houses would not be considered
adequate considering climate changes, also considering the high costs of operating the
appliances, whose demand would be even greater over the decades. (Figure 15).

€022025-16 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809



MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

Although projections of monetary and inflationary readjustments have not been
considered, the estimate represents the trend towards an increase in housing operating
costs.

Figure 15 — Cost graph of annual electricity consumption (kWh/year) of the Real Model (MReal) and the Optimized Model (MOt)
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Source: authors.

Noting the energy efficiency of the MOt proposal, there was a reduction in electricity
demand also in the time intervals of 2020s, 2050s and 2080s, demonstrated, in absolute
values, in Figure 16. The greatest reductions in energy consumption are projected for
Vitdéria and Brasilia.

These data can be understood, since, despite the reduction of discomfort in Manaus,
the high GHR still entails a high demand for the use of active conditioning, which would
be even greater without using strategies applied through constructive adaptations in
the MOt. Finally, Porto Alegre has the lowest levels of discomfort in the survey,
highlighting, however, that these are still high, justifying the smaller reduction in energy
demand.

Figure 16 - Absolute values of reduction in annual electricity consumption (kWh/year) through the Optimized Model (MOt)
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Given the above, it can be said that the implementation of actions to adapt buildings to
climate change can provide a reduction in costs related to the conditioning equipment
considered, that is, ventilators and air conditioners (Figure 17).
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Figure 17 - Reduction in electricity consumption costs for active conditioning in homes (R$/year)
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In the current period, the biggest differences between MReal and MOt costs were
observed in Manaus and Vitdria, respectively, using air conditioning. In the time interval
of 2020s, Brasilia will surpass Manaus in terms of cost reduction and will come in second
place, behind Vitdria.

These data can be understood by the progression of discomfort in Manaus, already in
2020s, indicating that, in this period, even a more efficient model - such as the MOt,
compared to the MReal - would already require a high energy consumption for the
active conditioning of homes. This trend is also reflected in Vitdria, Brasilia and Porto
Alegre, respectively, especially from the 2050s onwards.

It is confirmed, therefore, that even the implementation of passive conditioning
strategies for buildings, consistent with NBR 15575 (ABNT, 2021), can be considered
beneficial, but will become obsolete considering the rigor of the future climate,
demanding artificial air conditioning to thermal comfort in buildings and highlighting the
need for periodic updating of regulations so that the behavior of buildings meets the
new requirements proposed by the climate in transition.

Final considerations

Brazilian buildings are often characterized by project replication regardless of where
they are located and by the consequent inadequacy to the local climate. Several national
standards, such as NBRs 15220-3 (ABNT, 2005) and, especially, NBR 15575 (ABNT, 2021),
have been revised and improved so that their effective application to building design
provides significant improvements.

The computer simulations allowed the calculation of the XGHR in each scenario,
demonstrating that the proposed constructive adaptation actions contributed to the
reduction of periods of thermal discomfort inside the house, reducing the need to
activate ventilators and split air conditioners, minimizing the energy consumption in all
scenarios.

However, it is important to highlight that, despite the reduction in discomfort -
especially in the 2020s period, from the time interval of 2050s, with a peak in 2080s, the
results pointed out that, considering the severity of climate change, there will be an
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inability to maintain comfort in the building's internal environment only through the
implementation of passive conditioning strategies adopted at work. In this scenario,
among the major impacts projected for the future climate throughout the Brazilian
territory, it was found that the mechanical thermal conditioning will be mandatory for
the habitability in the dwellings, within the standards addressed in the research, and the
absence of this could pose risks to the physiological limits and the thermal well-being of
residents.

It is confirmed, therefore, that in addition to implementing technologies for the
constructive improvement of the envelope, special attention must be given to the
thermal properties of the systems and materials, considering the analysis of current and
future conditions, especially regarding air temperature and the relative humidity of the
air, in addition to the patterns of occupancy of the environment by the user. Faced with
rapid climate changes and also the trend of new types of use of housing spaces, the
design process must take into account the useful life of the building, both in terms of
meeting current and future conditions and needs.

Therefore, two pillars of more adequate development of design processes and,
consequently, of constructive standards can be mentioned: first, the adaptation of
buildings to the local climate, in the present time, considering the extension of their
useful life, characterizing an instrument of preparation from constructions to future
climate scenarios; and second, the containment of anthropogenic climate change -
stimulated, for example, by high GHG emissions and deforestation - since, from certain
future scenarios of high emissions, passive conditioning strategies will be obsolete.
Thus, the inclusion of parameters for projecting future climate conditions in NBR 15575
would make it an important tool for defining strategies for adapting buildings to climate
change in the 21st century.

The selection of a restricted number of municipalities is pointed out as a limiting factor
for the research. Thus, the inclusion of a greater number of cities, which present
different climatic conditions, may allow a more extensive overview of the thermal
behavior of buildings in different locations of the national territory, under the conditions
of climate change. Moreover, the research considered only the climate scenario RCP 8.5
of the IPCC-ARs5. Using more climate scenarios can generate different results regarding
the impacts of climate change on the performance of the envelope, in the parameters
adopted in the research.

In the simulations, only one APP, a standard behavior of users in relation to the
operability of the building and a set of adaptive proposals were evaluated. Other
configured behaviors and different constructive solutions can modify the expressed
results. The results presented should be considered as a portrait of a trend, and not as
absolute values as they are based on the hypothesis of the most critical scenario
projected for future climate changes, which is still a conjecture of a trend.

Acknowledgments

The authors are grateful for the financial support received to develop this research, from the Coordination for the
Improvement of Higher Education Personnel - CAPES (process number 23068.036130/2021-34 and 23068.015231/2022-
52) and the Foundation for Support to Research and Innovation of Espirito Santo — FAPES (process number 047/2021).

References

ABNT. ASSOCIAQAO BRASILEIRA DE NORMAS TECNICAS. NBR 15220-3: Desempenho térmico de edificacbes - Parte
3: Zoneamento bioclimatico brasileiro e estratégias de condicionamento térmico passivo para habitagdes de
interesse social. Rio de Janeiro: ABNT, 2005.

€022025-19 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809



MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

ABNT. ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS. NBR 15575: Edificages habitacionais: desempenho. Rio de
Janeiro: ABNT, 2021.

ALVAREZ, C.; BRAGANCA, L. Medidas para o Enfrentamento dos Impactos das Mudancas Climaticas no Ambiente
Construido. In: CONGRESSO INTERNACIONAL SUSTENTABILIDADE URBANA, 1.; JORNADA URBENERE, 14.;
JORNADA CIRES, 2, 2018. Anais [...]. Vitdria; Vila Velha: URBENERE; CIRES, 2018. Disponivel em:
https://repositorium.sdum.uminho.pt/handle/1822/59308. Acesso em: 30 maio 2021.

ALVES, C. A,; DUARTE, D. H. S.; GONCALVES, F. L. T. Residential buildings’ thermal performance and comfort for the
elderly under climate changes context in the city of Sdo Paulo, Brazil. Energy and Buildings, v. 114, p. 62-71. Feb.
2016. DOI: https://doi.org/10.1016/j.enbuild.2015.06.044.

ANEEL. AGENCIA NACIONAL DE ENERGIA ELETRICA. Bandeiras tarifarias. Brasilia, 2019a. Disponivel em:
https://antigo.aneel.gov.br/bandeiras-tarifarias. Acesso em: 26 nov. 2021.

ANEEL. AGENCIA NACIONAL DE ENERGIA ELETRICA. Ranking das Tarifas. Brasflia, 2019b. Disponivel em:
https://antigo.aneel.gov.br/ranking-das-tarifas. Acesso em: 26 nov. 2021.

ASHRAE. AMERICAN SOCIETY OF HEATING, REFRIGERATING AND AIR-CONDITIONING ENGINEERS. Standard 55 -
Thermal Environmental Conditions for Human Occupancy. Atlanta: ASHRAE, 2004.

ASHRAE 55 - AMERICAN SOCIETY OF HEATING, REFRIGERATING AND AIR CONDITIONING ENGINEERS 55. Thermal
Environmental Conditions for Human Occupancy. Atlanta: ASHRAE, 2010.

BELCHER, S. E.; HACKER, J. N.; POWELL, D. S. Constructing design weather data for future climates. Building
Services Engineering Research and Technology, v.26, p. 49-61, 2005. DOI:
https://doi.org/10.1191/0143624405bt1120a.

DESIGN BUILDER SOFTWARE. DesignBuilder Software Ltd: Version 3.4.0.041. 2000-2013. Gloucestershire:
DesignBuider Software Ltd., Apr. 2014.

ELETROBRAS. CENTRAIS ELETRICAS BRASILEIRAS. Tabela de estimativa de consumo médio mensal de
eletrodomésticos de acordo com um uso hipotético. Rio de Janeiro: ELETROBRAS, 2015. Disponivel em:
http://www.industriahoje.com.br/wp-content/uploads/downloads/2015/01/Tabela-Consumo-Equipamentos-Procel-
Eletrobras.pdf. Acesso em: 28 ago. 2021.

ELIANETEC. Fachadas ventiladas. Cocal do Sul: Eliane Tec, 2021. Disponivel em:
https://elianetec.com/fachadasventiladas. Acesso em: 29 de maio 2021.

EPE. EMPRESA DE PESQUISA ENERGETICA. Balanco Energético Nacional 2020: Relatdrio Sintese / Ano Base 2019.
Rio de Janeiro: EPE, maio 2020. p. 73. Disponivel em: https://www.epe.gov.br/sites-pt/publicacoes-dados-
abertos/publicacoes/PublicacoesArquivos/publicacao-479/topico-
521/Relato%CC%81ri0%20Si%CC%81ntese%20BEN%202020-ab%202019_Final.pdf. Acesso em 30 maio 2021.

EUROPEAN COMMITTEE FOR STANDARDIZATION.ECS. EN 15.251: Indoor environmental input parameters for design
and assessment of energy performance of buildings addressing indoor air quality, thermal environment, lighting
and acoustics. Brussels: CEN-CENELEC, 2007. Disponivel em:
http://www.cres.gr/greenbuilding/PDF/prend/set4/WI_31_Pre-FV_version_prEN_15251_Indoor_Environment.pdf.
Acesso em: 10 jun. 2021.

FARAH, S.; WHALEY, D.; SAMAN, W.; BOLAND, J. Integrating climate change into meteorological weather data for
building energy simulation. Energy and Buildings, v. 183, p. 749-760, Jan. 2019. DOI:
https://doi.org/10.1016/j.enbuild.2018.11.045.

FLORES-LARSEN, S.; FILIPPIN, C.; BAREA, G. Impact of climate change on energy use and bioclimatic design of
residential buildings in the 21st century in Argentina. Energy and Buildings, v. 184, p. 216-229, Feb. 2019. DOI:
https://doi.org/10.1016/j.enbuild.2018.12.015.

€022025-20 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809


https://doi.org/10.1016/j.enbuild.2015.06.044
http://www.cres.gr/greenbuilding/PDF/prend/set4/WI_31_Pre-FV_version_prEN_15251_Indoor_Environment.pdf
https://doi.org/10.1016/j.enbuild.2018.11.045
https://doi.org/10.1016/j.enbuild.2018.12.015

MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

GUARDA, E. L. A.; DURANTE, L. C.; CALLEJAS, I. J. A. Impacto das mudancas climdticas no ambiente térmico interno
de habitacdo unifamiliar em Cuiaba-MT. PARC Pesquisa em Arquitetura e Constru¢ao, Campinas, SP, v. 11, p.
€020031, dez. 2020. DOI: http://dx.doi.org/10.20396/parc.v11i0.8657188.

HUANG, K.-T.; HWANG, R.-L. Future trends of residential building cooling energy and passive adaptation measures
to counteract climate change: The case of Taiwan. Applied Energy, v. 184, p. 1230-1240, Dec. 2016. DOI:
https://doi.org/10.1016/j.apenergy.2015.11.008.

IBGE. INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA. Atlas do Censo Demogréfico 2010: Urbanizagéo. Rio
de Janeiro: IBGE, 2013. Disponivel em: https://biblioteca.ibge.gov.br/visualizacao/livros/liv64529 cap6.pdf. Acesso
em: 28 ago. 2021.

INMET. INSTITUTO NACIONAL DE METEOROLOGIA. Graficos climatolégicas (1931 - 1960 e 1961-1990). Ministério da
Agricultura, Pecudria e Abastecimento. Brasil, 2018. Disponivel em:
http://www.inmet.gov.br/portal/index.php?r=clima/graficosClimaticos. Acesso em: 20 maio 2021.

INMETRO. INSTITUTO NACIONAL DE METROLOGIA, NORMALIZA(;AO E QUALIDADE INDUSTRIAL. Regulamento
Técnico da Qualidade para o Nivel de Eficiéncia Energética de Edificacoes Residenciais, RTQ-R. Brasilia: INMETRO,
2012. 136 p. (Anexo da Portaria INMETRO n° 018/2012). Disponivel em:
http://www.pbeedifica.com.br/sites/default/files/projetos/etiquetagem/residencial/downloads/RTQR.pdf. Acesso
em: 17 nov. 2021.

JENTSCH, M. F.; JAMES, P. A. B.; BOURIKAS, L.; BAHAJ, A. S. Transforming existing weather data for worldwide
locations to enable energy and building performance simulation under future climates. Renewable Energy, v. 55, p.
514-524. July 2013. DOI: https://doi.org/10.1016/j.renene.2012.12.049.

KOCI, J.; KOCI, V.; MADERA, J.; CERNY, R. Effect of applied weather data sets in simulation of building energy
demands: Comparison of design years with recent weather data. Renewable and Sustainable Energy Reviews, v.
100, p. 22-32. Feb. 2019. DOI: https://doi.org/10.1016/j.rser.2018.10.022.

LABEEE. LABORATORIO DE EFICIENCIA ENERGETICA EM EDIFICAGOES. Arquivos climaticos em formato TRY,
SWERA, CSV e BIN. Floriandpolis: UFSC-CTC-ECV-LabEEE, 2021. Disponivel em:
https://labeee.ufsc.br/downloads/arquivos-climaticos/formato-try-swera-csv-bin. Acesso em: 15 maio 2021.

LABEEE. LABORATORIO DE EFICIENCIA ENERGETICA EM EDIFICACOES. Processamento de arquivos climaticos para
simulacdo do desempenho energético de edifica¢bes. Floriandpolis: UFSC, 2005. Disponivel em:
https://labeee.ufsc.br/sites/default/files/arquivos_climaticos/RT200504.pdf. Acesso em: 15 maio 2021.

LAMBERTS, R.; DUTRA, L.; PEREIRA, F. Eficiéncia Energética na Arquitetura. 3. ed. Rio de Janeiro. 361 p., 2014.

MACHADO, J. M. Avalia¢do de desempenho térmico em edificagées multifamiliares considerando as mudancas
climaticas futuras. 2019. 175 f. Disserta¢do (Mestrado em Arquitetura e Urbanismo) - Programa de Pds-Graduacdo
em Engenharia Civil, Universidade Federal do Espirito Santo, Vitdria. 2019. Disponivel em:
https://sappg.ufes.br/tese_drupal/tese 13348 J%C9SSICA%20MACHADO%20-%20VERS%C30%20FINAL.pdf. Acesso
em: 30 maio 2021.

MANABE, S.; WETHERALD, R. T. The Thermal Equilibrium of the Atmosphere with a given distribution of relative
humidity. Journal of the Atmospheric Science, v.24, n.3, p.241-259, May 1967.

MORA, C.; DUSSET, B.; CALDWELL, I. A.; POWELL, F. E.; GERONIMO, R. C.; BIELICKI, C. R.; COUNSELL, C. W. W.;
DIETRICH, B. S.; JOHNSTON, E. T.; LOUIS, L. V.; LUCAS, M. P.; MCKENSIE, M. M.; SHEA, A. G.; TSENG, H. T.;
GIAMBELLUCA, T. W.; LEON, L. R.; HAWKINS, E.; TRAUERNICHT, C. Global risk of deadly heat. Nature Climate
Change, v. 7, p. 501-506, June 2017. DOI: https://doi.org/10.1038/nclimate3322.

NASA. NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. 2018 fourth warmest year in continued warming
trend, according to NASA, NOAA. Washington: NASA, 2019. Disponivel em:

€022025-21 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809


http://dx.doi.org/10.20396/parc.v11i0.8657188
https://doi.org/10.1016/j.apenergy.2015.11.008
http://www.pbeedifica.com.br/sites/default/files/projetos/etiquetagem/residencial/downloads/RTQR.pdf
https://doi.org/10.1016/j.renene.2012.12.049
https://doi.org/10.1016/j.rser.2018.10.022
https://sappg.ufes.br/tese_drupal/tese_13348_J%C9SSICA%20MACHADO%20-%20VERS%C3O%20FINAL.pdf

MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

https://climate.nasa.gov/news/2841/2018- fourth-warmest-year-in-continued-warming-trendaccording-to-nasa-noaa/.
Acesso em: 30 maio 2021.

NICOL, J. F. Characterising occupant behaviour in buildings: towards a stochastic model of occupant use of
windows, lights, blinds, heaters and fans. 7. In: INTERNATIONAL BUILDING PERFORMANCE SIMULATION
ASSOCIATION, 7., Rio de Janeiro, 2001. Proceedings [... ]. Rio de Janeiro: IBPSA, 2021. p. 1073-1078. Disponivel em:
http://www.ibpsa.org/%5Cproceedings%5CBS2001%5CBS01_1073_1078.pdf. Acesso em: 01 maio 2021.

NICO-RODRIGUES, E. A.; ALVAREZ, C. E.; SANTO, A. D.; PIDERIT, M. B. Quando a janela define a condicdo de
desempenho térmico em ambientes ventilados naturalmente: caso especifico das edificag6es multifamiliares em
Vitdria, ES. Ambiente Construido, Porto Alegre, v. 15, n. 2, p. 7-23, abr./jun. 2015. DOI: http://
http://dx.doi.org/10.1590/51678-86212015000200011.

NUNES, G. H.; GIGLIO, T. G. F. Influéncia das mudancas climaticas no desempenho térmico de uma habitacdo com
diferentes sistemas construtivos: analise do clima de Sao Paulo. Revista Principia-Divulgacao Cientifica do IFPB, v.
48, p. 46-61, 2020. DOI: http://dx.doi.org/10.18265/1517-03062015vIN48p46-61.

OLIVEIRA, C. C.; SAKIYAMA, N. R. M.; MIRANDA, L. V. Desempenho térmico de uma edificagdo unifamiliar
naturalmente ventilada para o clima de Tedfilo Otoni-MG. REEC. Revista Eletronica de Engenharia Civil, v. 13, n. 2,
abr. 2017. DOI: https://doi.org/10.5216/reec.v13i2.42940.

OLONSCHECK, M.; HOLSTEN, A.; KROPP, J. P. Heating and cooling energy demand and related emissions of the
German residential building stock under climate change, Energy Policy, v. 39, n. 9, p. 4795-4806, Sept. 2011. DOI:
https://doi.org/10.1016/j.enpol.2011.06.041.

PACHAURI, R. K.; MEYER, L. (ed.). Climate Change 2014 Synthesis Report: Fifth Assessment Report. 2014. Geneva:
IPCC, 2014. 167 p. Disponivel em: https://ar5-syr.ipcc.ch/ipcc/ipcc/resources/pdf/IPCC_SynthesisReport.pdf. Acesso
em: 30 maio 2021.

PBMC. PAINEL BRASILEIRO DE MUDANGAS CLIMATICAS. Mudangas Climéticas e Cidades. Relatdrio Especial do
Painel Brasileiro de Mudangas Climaticas. Rio de Janeiro: COPPE — UFRJ, 2016. Disponivel em:
http://www.pbmc.coppe.ufrj.br/documentos/Relatorio UM_v10-2017-1.pdf. Acesso em: 4 maio 2021.

PROCEL INFO. Programa Nacional de Conservagao de Energia Elétrica. Dicas de economia de energia. Brasilia:
PROCEL, 2006. Disponivel em: http://[www.procelinfo.com.br/main.asp?View=%7bE6BC2A5F-E787-48 AF-B485-
439862B17000%7d. Acesso em: 29 de maio 2021.

RIVAS, E.; ALLIE, K. N.; SALVADOR, P. M. Progressive dry to humid hyperthermia alters exercise cerebral blood flow.
Journal of Thermal Biology, v. 84, p. 398-406, Aug. 2019. DOI: 10.1016/j.jtherbio.2019.07.036.

RORIZ, M. Classificacdo de climas do Brasil - versdo 3.0. Sdo Carlos: Associagdo Nacional de Tecnologia do Ambiente
Construido - ANTAC, 2014. Disponivel em: http://www.labeee.ufsc.br/sites/default/files/Climas_v3.pdf. Acesso em:
20 de maio de 2021.

SIMPOSIO DE INSTRUMENTACAO E IMAGENS MEDICAS, 3., 2007, S&o Carlos. Anais [...]. Sdo Carlos, SP: Escola de
Engenharia de Sdo Carlos. Universidade de Sao Paulo, 2007.

WORLD METEOROLOGICAL ORGANIZATION. KNMI Climate Change Atlas. Geneva: WORLD METEOROLOGICAL
ORGANIZATION, 2021. Disponivel em: http://climexp.knmi.nl/plot_atlas_form.py. Acesso em 20 de maio de 2021.

1 Jéssica de Mello Machado

Architect and Urban Planner. Master’s in Architecture and Urbanism from the Federal University of Espirito Santo.
Postal address: Planning and Projects Laboratory (LPP), CEMUNI |, Sala 7, Av. Fernando Ferrari, 514 — Goiabeiras,
Vitdria, ES - Brazil. CEP: 29075-910.

€022025-22 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809


http://dx.doi.org/10.18265/1517-03062015v1n48p46-61
https://doi.org/10.5216/reec.v13i2.42940
https://doi.org/10.1016/j.enpol.2011.06.041
https://ar5-syr.ipcc.ch/ipcc/ipcc/resources/pdf/IPCC_SynthesisReport.pdf
http://www.pbmc.coppe.ufrj.br/documentos/Relatorio_UM_v10-2017-1.pdf

MACHADO, J. de M.; MALTA, N. S.; BUSSOLOTTI, V. M.; FERRAO, A. L. S.; NICO-RODRIGUES, E. A.; ALVAREZ, C. E
Impacts of climate change on the thermal and energy performance of Brazilian residential buildings

2 Nayara Salera Malta

Architect and Urban Planner. PhD student in Architecture and Urbanism at the Federal University of Espirito Santo.
Postal address: Planning and Projects Laboratory (LPP), CEMUNI I, Sala 7, Av. Fernando Ferrari, 514 — Goiabeiras,
Vitéria, ES - Brazil. CEP: 29075-910.

3 Victor Moura Bussolotti

Architect and urbanist. PhD student in Architecture and Urbanism at the Federal University of Espirito Santo. Postal
address: Planning and Projects Laboratory (LPP), CEMUNI I, Sala 7, Av. Fernando Ferrari, 514 — Goiabeiras, Vitdria, ES
- Brazil. CEP: 29075-910.

4 Ariane Louzada Sasso Ferrao

Architect and Urban Planner. Master's student in Architecture and Urbanism at the Federal University of Espirito
Santo. Postal address: Planning and Projects Laboratory (LPP), CEMUNI I, Sala 7, Av. Fernando Ferrari, 514 —
Goiabeiras, Vitdria, ES — Brazil. CEP: 29075-910.

5 Edna Aparecida Nico Rodrigues

Architect and Urban Planner. PhD in Architecture and Urbanism from the Universidad del Bio-Bio, UBB, Chile.
Professor at the Federal University of Espirito Santo, Arts Center, Department of Architecture and Urbanism. Postal
address: Planning and Projects Laboratory (LPP), CEMUNI I, Sala 7, Av. Fernando Ferrari, 514 — Goiabeiras, Vitdria, ES
- Brazil. CEP: 29075-910.

6 Cristina Engel de Alvarez

Architect and Urban Planner. PhD in Architecture and Urbanism from the University of Sdo Paulo. Professor at the
Federal University of Espirito Santo, Arts Center, Department of Architecture and Urbanism. Postal address:
Planning and Projects Laboratory (LPP), CEMUNI |, Sala 7, Av. Fernando Ferrari, 514 — Goiabeiras, Vitdria, ES — Brazil.
CEP: 29075-910.

€022025-23 | PARC Pesq. em Arquit. e Constr., Campinas, SP, v. 13, p. e022025, 2022, ISSN 1980-6809



