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Abstract

Achieving thermal comfort in social housing under variable and changing climates presents
a critical challenge for sustainable building design and energy efficiency. This study de-
velops a simulation-based multi-objective optimization framework to support early-stage
design of climate-resilient social housing in Brazil, aiming to reduce thermal discomfort
and associated mechanical conditioning energy demands. The goal is to identify building
envelope configurations that minimize total construction cost while maximizing annual
thermal comfort hours, thereby reducing the need for active heating and cooling systems.
A reference single-room prototype is simulated in EnergyPlus for five cities representing
distinct climatic zones. A wide range of construction alternatives for walls, roofs, slabs,
and glazing are evaluated, with costs derived from the national SINAPI database and
comfort assessed using the ASHRAE adaptive model based on operative temperature. The
optimization, performed with the NSGA-II algorithm (via PyMOO), generates city-specific
Pareto fronts that quantify the inherent trade-off between cost and comfort. Results show
that optimal solutions range from approximately R$4800 to R$8900 in cost, achieving be-
tween 1350 and 3550 annual comfort hours, heavily influenced by local climate. Frequency
analysis reveals that wall and roof assemblies are the most influential design variables. The
proposed framework provides a transparent, data-driven decision-support tool for defining
cost-effective, climate-adapted construction standards, contributing directly to sustainable
housing policy, energy poverty reduction, and the development of resilient, low-carbon
built environments aligned with the UN Sustainable Development Goals (SDG), particu-
larly SDG 7 (Affordable and Clean Energy), SDG 11 (Sustainable Cities and Communities),
and SDG 13 (Climate Action).

Keywords: multi-objective optimization; building performance simulation; energy
efficiency; thermal comfort; climate-resilient design; sustainable construction; social
housing; building envelope; Pareto frontier; NSGA-II; EnergyPlus; decision-support
framework; passive design strategies
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1. Introduction
The built environment is facing increasing challenges due to global climate change.

The intensification of extreme weather events, such as heat waves and abrupt temperature
fluctuations, has placed increasing pressure on the construction sector to rethink design
strategies and material choices to mitigate environmental impacts and ensure occupant
well-being [1–6]. This issue becomes even more critical given that buildings have long
lifespans, exposing them to substantial climate variations throughout their service life [7–9].
As a result, buildings constructed today must be designed to perform effectively not only
under current climatic conditions, but also in a future where environmental parameters are
expected to shift significantly [10,11]. Moreover, they should aim to reduce the burden of
greenhouse gas emissions on both current and future generations [12–14]. In this context, it
is essential to develop solutions that balance economic efficiency and thermal performance,
especially in increasingly unpredictable climates.

Numerous studies have demonstrated that climate change directly affects the ther-
mal performance of buildings, highlighting the urgent need for adaptive architectural
design strategies and the strategic use of appropriate materials [7,15–22]. Building per-
formance simulation tools have become essential instruments for evaluating architectural
design alternatives under different climatic conditions [23]. Computational tools such as
EnergyPlus [24] allow detailed modelling of heat transfer processes, occupant comfort,
and building energy demand, enabling designers to test multiple design strategies before
construction [25]. These tools have been widely used to assess the influence of envelope
characteristics, building orientation, and material properties on thermal performance and
indoor comfort conditions [26,27]. Simulation-based approaches have therefore become
increasingly important for supporting evidence-based decision-making in building design,
particularly when addressing complex interactions between climate, materials, and occu-
pant comfort [28].

Extreme weather events are becoming more frequent and severe worldwide, under-
scoring the urgency of climate-resilient building design [29,30]. In Brazil, the city of Araçuaí
recorded a historic high of 44.8 °C, the highest temperature ever officially measured in the
country [31]. In the United States, 2024 was the warmest year on record for the contiguous
states, with several regions experiencing unprecedented heat [32]. In Europe, the highest
temperature on record was 48.8 °C in Sicily during the 2021 heatwave, officially validated
by the World Meteorological Organization [33]. Meanwhile, in Asia, 2024 brought record-
breaking heat, with the average temperature rising 1.04 °C above the 1991–2020 baseline,
contributing to widespread and prolonged heatwaves throughout the region [34]. These
events highlight the growing climatic variability that buildings must be designed to endure.

Although scientific advancements have significantly improved simulation techniques
and introduced new materials, the building industry still faces challenges in integrating
thermal performance and energy efficiency measures into contemporary architectural
design [35], particularly in developing countries.

In recent years, simulation-based optimization techniques have been increasingly
applied to support building design decisions. Multi-objective algorithms allow designers
to explore large combinations of design variables and identify solutions that balance com-
peting objectives such as energy consumption, construction cost, and occupant comfort.
Among these methods, the Non-dominated Sorting Genetic Algorithm II (NSGA-II) [36]
has become one of the most widely adopted approaches due to its ability to generate Pareto-
optimal solutions efficiently [37]. Several studies have successfully coupled NSGA-II with
building performance simulation tools to optimize building envelope parameters, ventila-
tion strategies, and architectural configurations, demonstrating substantial improvements
in energy efficiency and thermal comfort [2,38–41].
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This paper aims to investigate the material selection process within architectural design
to maximize thermal comfort while minimizing construction costs. The proposed approach
seeks to reduce the built environment’s exposure to thermal discomfort, thereby contributing
to the development of more efficient buildings better adapted to regional climatic conditions.

Objectives and Scope

The present study pursues the following specific objectives: (i) to develop a simulation-
based multi-objective optimization framework coupling EnergyPlus building performance
simulations with the NSGA-II evolutionary algorithm; (ii) to identify Pareto-optimal build-
ing envelope configurations that simultaneously minimize total construction cost and
maximize annual thermal comfort hours for social housing; (iii) to evaluate the perfor-
mance of these configurations across five Brazilian cities representing distinct climatic
zones; and (iv) to provide a transparent, data-driven decision-support tool applicable to
the early design stages of social housing projects.

The scope of this study is delimited to a single-room residential prototype of 14 m2,
representative of minimum-standard social housing in Brazil. Social housing was selected
as the focus of this study due to its high social relevance and its strong connection with
national housing policies in Brazil. Despite ongoing government programs to expand hous-
ing access, the Brazilian housing deficit remains a persistent challenge, affecting millions
of households and disproportionately burdening low-income populations. In this context,
improving the environmental performance of social housing is particularly important,
as these buildings are typically constructed at large scales and often rely on standardized
designs with limited adaptation to local climatic conditions.

Although other passive design strategies, such as shading systems, variations in
building orientation, ventilation rates, and adjustments to the window-to-wall ratio, can
influence thermal performance [42–44], the analysis focuses exclusively on passive en-
velope design variables. The decision vector was restricted to components for which
standardized unit costs are available in the Brazilian SINAPI cost database [45] and whose
thermal properties are characterized in accordance with the Brazilian standard ABNT
NBR 15220, thereby ensuring internal consistency of the cost objective function. Thermal
comfort is assessed using the ASHRAE adaptive model based on operative temperature,
without including active mechanical conditioning systems.

The optimization is conducted independently for each of the five selected cities
(Catalão, Curitiba, São Paulo, Belém, and Recife), covering a wide spectrum of Brazil-
ian climatic conditions. Aspects such as multi-room layouts, occupant behavior modeling,
life-cycle cost analysis, and future climate scenarios are beyond the scope of this work.
A critical discussion of these and other methodological limitations is provided in Section 4,
and they are identified as promising directions for future research.

2. Thermal Comfort
The concept of thermal comfort is defined by the American Society of Heating, Re-

frigeration and Air Conditioning Engineers (ASHRAE) as the state of mind that expresses
satisfaction with the surrounding thermal environment [46]. Local thermal discomfort may
arise from several factors, including radiant temperature asymmetry caused by hot or cold
surfaces, draughts, localized body cooling due to air movement, vertical air temperature
differences, and excessively warm or cold floors [47].

From a physical perspective, thermal comfort is achieved when the human body
maintains thermal equilibrium with its surroundings. This condition is governed by the
balance between metabolic heat production and the heat exchange mechanisms acting
between the body and the built environment. When this balance is disrupted, either by
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excessive heat gains or insufficient heat dissipation, thermal discomfort emerges regardless
of the objectively measured environmental conditions.

In the built environment, thermal control plays a central role in regulating heat ex-
change processes. Architectural design, material properties, and environmental control
strategies directly influence the thermal loads imposed on occupants. Consequently, ther-
mal comfort should not be regarded solely as a physiological phenomenon, but rather as
the outcome of a complex interaction between human factors and the thermal behavior of
buildings, with direct implications for energy consumption and indoor environmental quality.

2.1. Performance Standards

Concerns regarding thermal comfort predate the consolidation of modern engineering
and can be traced back to the nineteenth century. A historically significant milestone was
the work History and Art of Warming and Ventilation of Rooms and Buildings, initially
published in 1845 by Walter Bernan [48], in which the author already recognized that
heating and ventilation should not be treated merely as empirical practices, but as a
scientific and technical discipline essential to human comfort and health.

Throughout the early twentieth century, this qualitative understanding evolved to-
ward more systematic and quantitative approaches. Between 1913 and 1923, particularly in
the United States, organized efforts emerged to develop objective thermal comfort indices
by correlating environmental, physiological, and perceptual variables. These pioneer-
ing studies laid the foundation for the formulation of technical criteria and standardized
methods to assess indoor thermal conditions.

Since then, thermal comfort research has expanded globally, resulting in the devel-
opment of a wide range of models, indices, and performance standards. Recent studies
emphasize the multidimensional nature of thermal comfort and the importance of human-
centered factors. Lin and Zhang [49] showed that psychological conditions can influence
thermal perception and acceptable temperature ranges. At the same time, advances in
intelligent building operation are enabling adaptive control strategies. Shang et al. [50]
demonstrated that reinforcement learning based ventilation control can improve both
energy efficiency and indoor air quality.

This progress ultimately led to the consolidation of international and national norma-
tive frameworks that guide the design, assessment, and control of thermal environments in
buildings, including ISO 7730 [47], ISO 7726 [51], ISO 17772-1 [52], ANSI/ASHRAE Stan-
dard 55 [46], EN 16798-1 [53], and, in the Brazilian context, ABNT NBR 15575 [54]. These
standards provide technical support to ensure that occupant thermal comfort, building
energy efficiency, and indoor environmental quality are simultaneously met.

2.2. Operative Temperature (To)

In this study, the concept of operative temperature was adopted to assess thermal com-
fort within the optimization process. The operative temperature, To, represents the uniform
temperature of an imaginary environment in which an occupant would exchange the same
amount of heat by convection and radiation as in the actual environment. The adaptive
thermal comfort model for naturally ventilated spaces was employed, based on the premise
that occupants’ thermal perception adjusts to prevailing outdoor climatic conditions.

This model applies to naturally ventilated spaces without mechanical air-conditioning,
where the prevailing mean outdoor temperature, tpma(out), falls within the range of 10 ◦C
to 33.5 ◦C (50 ◦F to 92.3 ◦F). Two comfort zones are defined, corresponding to 80% and
90% occupant acceptability, each bounded by upper and lower operative temperature
limits, as expressed by Equations (1)–(8). Figure 1 presents a graphical representation of
the operative temperature and its acceptable ranges.

https://doi.org/10.3390/su18094521

https://doi.org/10.3390/su18094521


Sustainability 2026, 18, 4521 5 of 27

Figure 1. Acceptable operative temperature ranges for naturally conditioned spaces according to
ASHRAE Standard 55 (adapted from reference [46]).

The 80% acceptability range defines the operative temperatures within which at least
80% of occupants are expected to find the thermal environment acceptable. The upper limit
is given by

Top,80%,u (
◦C) = 0.31 tpma(out) + 21.3 (1)

Top,80%,u (
◦F) = 0.31 tpma(out) + 60.5 (2)

and the lower limit is expressed as

Top,80%,l (
◦C) = 0.31 tpma(out) + 14.3 (3)

Top,80%,l (
◦F) = 0.31 tpma(out) + 47.9 (4)

The 90% acceptability range constitutes a more restrictive criterion, establishing the
operative temperatures within which at least 90% of occupants are expected to be thermally
satisfied. The upper limit is given by

Top,90%,u (
◦C) = 0.31 tpma(out) + 20.3 (5)

Top,90%,u (
◦F) = 0.31 tpma(out) + 58.7 (6)

and the lower limit is expressed as

Top,90%,l (
◦C) = 0.31 tpma(out) + 15.3 (7)

Top,90%,l (
◦F) = 0.31 tpma(out) + 49.7 (8)

where tpma(out) is the prevailing mean outdoor temperature, expressed in the same unit
system as the operative temperature limit being computed.

For the assessment of adaptive thermal comfort, an acceptability limit of 80% was
adopted, as recommended by ASHRAE 55-2017 for typical applications. This level of accept-
ability is compatible with the profile of the representative building analyzed in this study.
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3. Methodology
This section describes the integrated methodological framework developed to support

multi-objective optimization of building envelopes for social housing in Brazilian climatic
contexts. As illustrated in Figure 2, the framework operates across five coordinated stages:
(1) collection of the two parallel input data streams using climate files (EPW/INMET)
and the material–cost database (SINAPI and ABNT NBR 15220); (2) definition of the
reference building prototype and its simulation model; (3) coupling of EnergyPlus thermal
simulations with the NSGA-II multi-objective optimizer via an automated Python 3.10
workflow, where each candidate envelope solution is evaluated against construction cost
( f1) and annual thermal comfort hours ( f2); (4) aggregation of results into city-specific
Pareto fronts; and (5) extraction and analysis of the final outputs, including Pareto-optimal
envelope configurations and frequency distributions of selected design variables. The
evaluation process within Stage 3 is detailed in Algorithm 1, which defines the sequence
of cost computation, model update, simulation, and comfort assessment. This workflow
provides a consistent mapping between input data, simulation-based evaluation, and the
Pareto-optimal solutions discussed in Section 4.

Figure 2. Schematic overview of the methodological workflow. Stage 1 defines the input data,
including climate files (EPW/INMET) and material–cost databases (SINAPI and ABNT NBR 15220).
Stage 2 establishes the reference building prototype used across all simulations. Stage 3 represents the
NSGA-II optimization loop, in which candidate envelope configurations are evaluated in EnergyPlus
to compute construction cost ( f1) and annual thermal comfort ( f2). Stage 4 aggregates results into
city-specific Pareto fronts. Stage 5 provides the final outputs, including optimal envelope solutions
and an analysis of the influence of design variables.
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3.1. Reference Building and Climate Data

The framework adopted to evaluate the thermal performance and construction cost
of the proposed building prototype focuses on Brazilian conditions, given the country’s
extensive territory and significant climatic diversity. Figure 3 shows the selected locations,
distributed across five distinct Brazilian macro-regions, spanning a diverse spectrum of cli-
matic conditions, consistent with the study’s objective of evaluating envelope optimization
across diverse environmental contexts. This approach allows the assessment of how the
same building configuration performs under distinct environmental conditions, providing
insights into the adaptability of compact social housing designs across multiple climates.

Figure 3. Geographic location of the five Brazilian cities considered in the thermal simulations, shown
within the national macro-regional division and each study location together with its corresponding
bioclimatic zone. The minimum and maximum temperatures are derived from the EPW weather files
used in the analysis.

Thermal performance simulations were conducted using EnergyPlus. Table 1 presents
a summary of the assumptions adopted in the simulations, and Table 2 shows the material
and associated thermo-physical properties. The weather files in EPW format were obtained
from the INMET database, available on the EnergyPlus website (https://energyplus.net/
weather) (accessed on 1 April 2026), covering the period from 2001 to 2010, for the cities
shown in Table 3. In addition to the weather files, the simulations require an input file (.idf)
that contains the building geometry and thermal performance parameters.

These files represent historical climatic conditions and are used as a reference for the
optimization of the building envelope. It is important to note that the study does not
incorporate future climate change projections. Nevertheless, the proposed approach seeks

https://doi.org/10.3390/su18094521
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to contribute to climate resilience by identifying envelope configurations that maintain
adequate thermal performance under the regional climate variability present in Brazil.

Table 1. Simulation assumptions using EnergyPlus.

Aspect Description Rationale

Ground contact
Thermal interaction with the ground was
considered using standard ground-related
properties derived from the climate file.

Standard EnergyPlus ground modeling for
realistic heat transfer.

Solar orientation The building was oriented with the main
façade facing north.

Ensures comparability across
simulation scenarios.

Occupancy schedule

Residential profile: continuous presence
during nighttime hours (10 p.m. to 8 a.m.),
with the space remaining unoccupied
during daytime hours (8 a.m. to 10 p.m.).
Two occupants were considered.

Representative of social housing patterns.

Air infiltration Not considered in the simulation
(rate = 0 ACH).

Focus on envelope optimization; updated
per reviewer feedback.

Ventilation
Windows were set to provide natural
ventilation when the indoor zone
temperature exceeded 19 °C.

Passive strategy emphasis.

Comfort Model ASHRAE 55 adaptive model (80%
acceptability).

Suitable for naturally ventilated spaces
without mechanical conditioning.

Simulation period Full-year simulation using EPW weather
files (2001–2010).

Historical baseline; no future climate
scenarios included.

Neighboring buildings Not applicable. Single prototype room analysis.

The objective of the study is to analyse the influence of envelope design parameters on
thermal comfort and construction cost. The EnergyPlus model was not calibrated against
field measurements. Instead, the simulation framework was developed using standardized
material properties defined in accordance with ABNT NBR 15220 [55] and construction
assemblies derived from national technical references. Climatic inputs were obtained
from EPW weather files based on INMET meteorological records. Because all design
alternatives are evaluated under the same modeling assumptions, the optimization process
relies on consistent comparative simulations to identify Pareto-optimal trade-offs between
construction cost and thermal comfort. The indoor operative temperature was extracted
from the EnergyPlus output variable Zone Operative Temperature (hourly resolution)
and compared with the adaptive comfort bounds defined in Equations (1)–(8) at each
simulation timestep.

The integration between EnergyPlus and NSGA-II is implemented via an automated
and reproducible Python-based framework that evaluates all candidate solutions. This
framework programmatically updates the EnergyPlus input file (.idf), executes simulations,
extracts hourly operative temperature outputs, computes thermal comfort hours based on
the adaptive model, and retrieves cost data from the SINAPI database for each candidate
solution. The step-by-step procedure for evaluating each individual in the optimization
population is summarized in Algorithm 1.

https://doi.org/10.3390/su18094521
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Algorithm 1: Evaluation of MOO solutions: cost ( f1) and comfort ( f2)

Input: Decision vector encoding parameters x = {wall, roof, slab, glazing}
Data: SINAPI Brazilian Government cost database; base .idf file; weather files;

simulation routine
Output: Objective pair

(
f1, − f2

)
Step 1—Build solution: Select wall, roof, slab, and glazing parameters from x
Step 2—Cost ( f1): Query the SINAPI database and compute the total construction
cost:

f1 ← COSTSINAPI(x)

Step 3—Update model: Update the .idf file with the selected CONSTRUCTION
parameters

Step 4—Run simulation: Run EnergyPlus using the updated .idf file
Step 5—Comfort ( f2): Compute the annual number of comfort hours:

f2 ← COMFORTHOURS(results)

Step 6—Return to optimizer: Return ( f1, − f2) so that both objectives are
minimized

return
(

f1, − f2
)

3.2. Material Database and Cost Assessment

The cost considered in the optimization process was defined as the initial investment
required for the construction of the building envelope. The cost assessment was based on
data from the National System for Research on Construction Costs and Indices (SINAPI),
using the reference database for the state of Goiás (GO), December 2024 [45].

To ensure the accuracy of the model, the calculation incorporated both service com-
positions and material inputs, ensuring the inclusion of costs related to materials, tools,
and labor for the main construction systems. A payroll tax-exempt social charges regime
was adopted in accordance with current sector practices. The analysis was restricted to
the elements that constitute the design variables: walls, roof, raft foundation, and glaz-
ing, whose quantities were extracted directly from the reference geometric model. This
approach aimed to isolate the economic impact of architectural choices on thermal perfor-
mance, excluding indirect costs (BDI) and maintenance expenses.

The construction materials considered in this study were selected based on common
building practices for social housing and national technical references. The material options
were compiled from the VRAC annex, which provides a catalog of thermal properties,
and from the Brazilian energy-efficient building design portal Projeteee [56].

For each building component, i.e., walls, floors, roofs, and windows, multiple con-
struction alternatives were defined. Each alternative was characterized by its relevant
thermal and physical properties, including thickness, thermal conductivity, density, specific
heat capacity, and solar absorptance. All properties were specified in accordance with
the procedures and reference values established by ABNT NBR 15220 [57]. The complete
material database and the corresponding thermo-physical properties adopted in this study
are summarized in Table 2.

https://doi.org/10.3390/su18094521
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Table 2. Material and associated thermo-physical properties.

Material Roughness Thickness
(m)

Conductivity
(W/(m·K))

Density
(kg/m3)

Specific Heat
(J/kg·K)

Thermal
Abs.

Solar
Abs.

Visible
Abs.

Cement Mortar 15 mm MediumRough 0.015 1.15 1800 1000 0.9 0.4 0.4
Cement Mortar 25 mm MediumRough 0.025 1.15 1800 1000 0.9 0.4 0.4
Cement Mortar 35 mm MediumRough 0.035 1.15 1800 1000 0.9 0.4 0.4
Gypsum Mortar 5 mm Smooth 0.005 0.70 1200 840 0.9 0.2 0.2
Gypsum Mortar 8 mm Smooth 0.008 0.70 1200 840 0.9 0.2 0.2
Gypsum Mortar 10 mm Smooth 0.010 0.70 1200 840 0.9 0.2 0.2
Ceramic Block 9 cm MediumRough 0.09 0.90 1600 920 0.95 0.8 0.8
Ceramic Block 12 cm MediumRough 0.12 0.90 1600 920 0.95 0.8 0.8
Ceramic Block 14 cm MediumRough 0.14 0.90 1600 920 0.95 0.8 0.8
Concrete Block 9 cm MediumRough 0.09 1.75 2400 1000 0.95 0.8 0.8
Concrete Block 14 cm MediumRough 0.14 1.75 2400 1000 0.95 0.8 0.8
Solid Concrete 10 cm MediumRough 0.10 1.75 2400 1000 0.95 0.8 0.8
Solid Concrete 12 cm MediumRough 0.12 1.75 2400 1000 0.95 0.8 0.8
White Paint Smooth 0.002 0.70 1200 840 0.9 0.2 0.2
Concrete Slab Foundation 80 mm Rough 0.08 1.75 2400 1000 0.8 0.7 0.7
Concrete Slab Foundation 90 mm Rough 0.09 1.75 2400 1000 0.8 0.7 0.7
Concrete Slab Foundation 100 mm Rough 0.10 1.75 2400 1000 0.8 0.7 0.7
Concrete Slab Foundation 110 mm Rough 0.11 1.75 2400 1000 0.8 0.7 0.7
Concrete Slab Foundation 120 mm Rough 0.12 1.75 2400 1000 0.8 0.7 0.7
Ceramic Tile Flooring 10 mm Smooth 0.01 0.90 1600 920 0.3 0.4 0.4
Wood Door MediumSmooth 0.035 0.12 608 230 0.90 0.60 0.60
Solid Slab 100 mm Rough 0.10 1.75 2400 1000 0.8 0.7 0.7
Ceramic Precast Slab 120 mm Rough 0.12 0.90 1600 920 0.95 0.8 0.8
EPS Precast Slab 120 mm Smooth 0.12 0.04 15 1420 0.1 0.1 0.1
PVC Ceiling 10 mm Smooth 0.01 0.20 1400 100 0.9 0.3 0.3
Gypsum Ceiling 30 mm Smooth 0.03 0.35 1000 840 0.1 0.1 0.1
Fiber Cement Tile 80 mm MediumSmooth 0.08 0.65 1700 840 0.95 0.8 0.8
Ceramic Tile Roof 10 mm MediumSmooth 0.01 0.90 1600 920 0.95 0.8 0.8
Metallic Tile Roof Smooth 0.01 55.00 7800 460 0.25 0.25 0.25
Polystyrene (EPS) 40 mm Smooth 0.04 0.04 15 1420 0.1 0.1 0.1
Polyurethane (PU) Smooth 0.04 0.03 400 1670 0.9 0.5 0.5
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Based on the material properties reported in Table 2, a set of construction assemblies
was defined encompassing walls, roofs, slabs-on-grade, and glazing systems. The complete
description of these assemblies, together with their corresponding cost data, is provided in
Appendix A (Tables A1–A4), where they are presented as the discrete construction options
evaluated in the simulations and optimization procedures.

Although a purely combinatorial approach would yield up to 41,160 theoretical con-
figurations, a structured selection strategy was applied to ensure physical feasibility, com-
pliance with established constructive practices, and representativeness of social housing
typologies. As a result, the final dataset comprises 98 wall assemblies, 14 roof configura-
tions, 4 window glazing types, and 7 slab-on-grade solutions.

This reduced yet comprehensive set of construction options preserves the diver-
sity of thermophysical characteristics while enabling a robust and computationally ef-
ficient assessment of the influence of envelope and foundation systems on building
thermal performance.

The case study was based on a representative housing unit environment, referred to
as ROOM in the simulation model. Table 3 presents the climatic characteristics of the weather
files used. A total of five cities were selected for the computational analysis. This selection
aimed to evaluate the performance of the same building configuration under different
climatic conditions.

Table 3. Information on the cities used in the thermal analysis.

File City Lat. (°) Long. (°) Alt. (m) Zone Tmax (°C) Tmin (°C) Region

clima_001.epw Catalão −18.16 −47.93 890 4B 36.8 11.5 Central-West
clima_002.epw Curitiba −25.53 −49.18 910.7 1M 32.2 3.7 South
clima_003.epw São Paulo −23.63 −46.66 801.9 2M 33.8 8.5 Southeast
clima_004.epw Belém −1.45 −48.47 25.5 6A 34.4 22.1 North
clima_005.epw Recife −8.13 −34.92 10.1 5A 32.1 18.5 Northeast

The reference housing model represents a typical single room with internal dimensions
of 3.50 m × 4.00 m, resulting in a usable floor area of 14 m2, in accordance with minimum
social housing standards. The room includes an external door with an area of 1.68 m2 and
a window with an area of 1.5 m2. The architectural façades are shown in Figure 4, and the
flat roof has a total area of 14 m2.

(a)

Figure 4. Cont.
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(b)

(c)

Figure 4. Prototype building model developed in the SketchUp framework. (a) Front view; (b) Side
view; (c) Perspective. The model elements are color-coded as follows: yellow for walls, light blue for
windows, dark yellow for the door, and brown for the roof.

3.3. Multi-Objective Building Performance Optimization

Building Performance Optimization (BPO) [58] has become a central strategy in con-
temporary architectural and building design, aiming to identify solutions that simultane-
ously enhance energy efficiency, thermal comfort, and economic performance. Traditional
parametric simulation approaches typically assess the influence of individual design vari-
ables through iterative trial-and-error procedures. However, such approaches are often
limited when dealing with highly nonlinear building systems and interacting design pa-
rameters, resulting in a restricted exploration of the solution space.

In contrast, simulation-based optimization frameworks integrate Building Perfor-
mance Simulation (BPS) with computational optimization algorithms, enabling the system-
atic exploration of a large and complex design space. These methods explicitly account
for multiple, often conflicting, performance objectives and allow designers and engineers
to identify optimal or near-optimal trade-off solutions that would be difficult to achieve
through manual exploration. As a result, BPO provides a more rigorous, automated
decision-support framework that supports informed design choices across competing
performance criteria [59].

In this study, the Non-dominated Sorting Genetic Algorithm II (NSGA-II) was adopted
as the multi-objective optimization technique to support the building performance op-
timization process. NSGA-II is a well-established evolutionary algorithm for solving
multi-objective problems with nonlinear relationships and conflicting objectives, such as
minimizing construction costs while maximizing thermal comfort.

The algorithm evolves a population of candidate solutions over successive generations
using genetic operators such as selection, crossover, and mutation. Its effectiveness is
primarily due to three key mechanisms: fast non-dominated sorting for solution ranking,
crowding-distance estimation to preserve population diversity, and elitism to retain high-
quality solutions. These features make NSGA-II particularly suitable for architectural and
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building design applications, where trade-offs between performance criteria are inherent,
and the search space is highly complex.

The optimization framework was implemented using the open-source Python library
PyMOO [60], which provides a flexible and extensible environment for multi-objective
evolutionary algorithms, including a robust implementation of NSGA-II. PyMOO was
coupled with building performance simulations to evaluate each candidate design based on
its thermal and economic performance. This integrated workflow enabled the construction
of a Pareto-optimal solution set, offering designers a diverse range of optimal trade-off
alternatives for informed decision-making.

Table 4 presents the main configuration parameters adopted for the NSGA-II algorithm
in this study. The selected values were defined based on preliminary sensitivity analyses
and empirical recommendations from the literature, aiming to ensure an adequate balance
between convergence, solution diversity, and computational efficiency. These parameters
may be further refined in future calibration or scalability assessments.

Table 4. NSGA-II algorithm configuration parameters.

Parameter Adopted Value

Population size (N) 50
Number of generations 100

Crossover probability (pc) 0.9
Mutation probability (pm) 0.2

Selection method Binary tournament
Crossover method Simulated Binary Crossover (SBX)
Mutation method Polynomial Mutation

The optimization problem was formulated to simultaneously minimize two objective
functions: the total construction cost ( f1) and the inverse of the thermal comfort indicator
(− f2), thereby casting the maximization of thermal comfort hours as a minimization prob-
lem. Each individual in the population represents a discrete combination of construction
assemblies, enabling the evolutionary process to systematically explore trade-offs between
economic performance and thermal comfort.

Since no active mechanical conditioning system was included in the simulation model,
annual cooling and heating energy consumption cannot be directly obtained as simulation
outputs. Annual thermal comfort hours, therefore, serve as a proxy indicator of reduced
mechanical energy demand, as each additional comfort hour represents a period during
which active conditioning would not be required to maintain acceptable indoor conditions.

4. Results and Discussion
This section presents the results of the multi-objective optimization process and the

subsequent analysis of the solutions located on the resulting Pareto frontier. Section 4.1
discusses the optimized solutions obtained for each of the five cities considered in this study.
All results presented are derived directly from the methodological framework described in
Section 3, particularly the discrete design space and NSGA-II optimization procedure.

4.1. Optimized Solutions

Figure 5 illustrates the Pareto front obtained for the five analyzed cities. The results
indicate that the total construction cost varies approximately between R$ 4800 and R$ 8900,
while the total annual thermal comfort ranges from about 1350 to 3550 h.
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(a) (b)

(c) (d)

(e)

Figure 5. Pareto front of the analyzed cities. (a) Catalão; (b) Belém; (c) Recife; (d) Curitiba; (e) São Paulo.

Based on Figure 5, the highest construction cost was observed for Catalão, reaching
approximately R$8900. Conversely, the minimum-cost solutions were identical across
Catalão, Belém, Recife, and São Paulo, all with a minimum value close to R$4800. Table 5
summarizes the total percentage of thermal comfort hours for the corresponding cities.
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Table 5. Thermal comfort and cost results for the analyzed cities.

City Solution % Comfort % Discomfort Cost (R$)

Catalão Higher-cost 92.85 7.15 8873.48
Lower-cost 87.17 12.83 4848.46

Belém Higher-cost 97.04 2.96 7962.10
Lower-cost 82.16 17.84 4848.46

Recife Higher-cost 93.80 6.20 7492.53
Lower-cost 77.34 22.66 4848.46

Curitiba Higher-cost 55.30 44.70 7823.16
Lower-cost 37.85 62.15 4950.33

São Paulo Higher-cost 69.55 30.45 7649.61
Lower-cost 54.43 45.57 4848.46

The results obtained from the optimization process for the reference housing model
reveal significant differences in the constructive combinations selected for each analyzed
city, reflecting both the thermal strategies adopted and the total costs of the solutions.

Table 6 presents the detailed envelope configurations for the Pareto-optimal solutions
evaluated across Brazilian cities, as referenced in Table 5.

Table 6. Representative Pareto-optimal envelope assemblies from multi-objective optimization across
Brazilian cities. Solutions are ranked by construction cost (R$) and thermal discomfort hours (lower
is better). Descriptions follow EnergyPlus layer notation (outer to inner).

City Type Cost (R$) Disc. Hrs Wall Slab-on-Grade
Foundation Glazing Roof

Catalão Highest cost 4907.36 3388

White Paint, 30 mm
Cement Mortar, 14 cm
Concrete Block, 30 mm
Cement Mortar,
White Paint

70 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

Precast ceramic slab
12 cm, Air chamber
5.0 cm, Metal tile with
polystyrene 4 cm

Lowest cost 3138.93 3181

White Paint, 15 mm
Cement Mortar, 14 cm
Ceramic Block, 15 mm
Cement Mortar,
White Paint

70 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

PVC ceiling 1 cm, Air
chamber 5.0 cm, Ceramic
tile 1 cm

Belém Lowest cost 3138.93 2998

White Paint, 15 mm
Cement Mortar, 14 cm
Ceramic Block, 15 mm
Cement Mortar,
White Paint

70 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

PVC ceiling 1 cm, Air
chamber 5.0 cm, Ceramic
tile 1 cm

Highest cost 4847.51 3541 White Paint, 10 cm Solid
Concrete, White Paint

70 mm Concrete
Raft Foundation

8 mm Clear
Laminated Glazing

Solid slab 10 cm, Air
chamber 5.0 cm, Ceramic
tile 1 cm

Curitiba Lowest cost 3138.93 1381

White Paint, 15 mm
Cement Mortar, 14 cm
Ceramic Block, 15 mm
Cement Mortar,
White Paint

80 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

PVC ceiling 1 cm, Air
chamber 5.0 cm, Ceramic
tile 1 cm

Highest cost 4907.36 2018

White Paint, 30 mm
Cement Mortar, 14 cm
Concrete Block, 30 mm
Cement Mortar,
White Paint

80 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

Solid slab 10 cm, Air
chamber 5.0 cm, Metal tile
with polyurethane 4 cm

São Paulo Lowest cost 3138.93 1986

White Paint, 15 mm
Cement Mortar, 14 cm
Ceramic Block, 15 mm
Cement Mortar,
White Paint

70 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

PVC ceiling 1 cm, Air
chamber 5.0 cm, Ceramic
tile 1 cm

Highest cost 4907.36 2538

White Paint, 30 mm
Cement Mortar, 14 cm
Concrete Block, 30 mm
Cement Mortar,
White Paint

70 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

Solid slab 10 cm, Air
chamber 5.0 cm, Metal tile
with polystyrene EPS
4 cm
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Table 6. Cont.

City Type Cost (R$) Disc. Hrs Wall Slab-on-Grade
Foundation Glazing Roof

Recife Lowest cost 3138.93 4848

White Paint, 15 mm
Cement Mortar, 14 cm
Ceramic Block, 15 mm
Cement Mortar,
White Paint

70 mm Concrete
Raft Foundation

3 mm Clear Single
Glazing

PVC ceiling 1 cm, Air
chamber 5.0 cm, Ceramic
tile 1 cm

Highest cost 4847.51 7493 White Paint, 10 cm Solid
Concrete, White Paint

70 mm Concrete
Raft Foundation

8 mm Clear
Laminated Glazing

Plaster ceiling 3 cm, Air
chamber 5.0 cm, Ceramic
tile 1 cm

Figure 6 shows schematic cross-sections of three representative wall assemblies and
three representative roof assemblies drawn from the Pareto-optimal solutions. The assem-
blies illustrate the key design contrasts between the lower-cost and higher-cost solutions
and explain how the material choices differ across climatic contexts.

Figure 6. Representative Pareto-optimal envelope assemblies. (a–c) Wall cross-sections: The economy
wall (a) is the lower-cost solution common to all cities; the thermal mass wall (b) was selected for
hot-humid climates (Belém, Recife); and the high inertia wall (c) was selected for thermally variable
climates (Catalão, Curitiba). (d–f) Roof cross-sections: The lower-cost roof (d) uses a lightweight
PVC ceiling below a ventilated ceramic tile; the thermal mass roof (e) replaces the PVC ceiling with
a 10 cm solid slab; and the insulated roof (f) incorporates a metal tile over a precast ceramic slab.
Layer thicknesses are shown schematically and not to scale. Costs refer to the individual assembly
component only.

For the municipality of Catalão, the highest cost combination was determined by a
constructive composition that presented a total value of R$ 8873.48, consisting of a wall
formed of white paint, 30 mm cement mortar, a 14 cm concrete block, 30 mm cement mortar,
and white paint on the internal surface. The adopted floor system was a 70 mm concrete
raft foundation, while the window system used 3 mm clear single glazing. The roof was
composed of a 12 cm precast ceramic slab, an air cavity greater than 5 cm, and a metal roof
tile with a 4 cm polystyrene layer.

In contrast, the lowest cost solution presented a total value of R$ 4848.46, consisting
of a wall with white paint, 15 mm cement mortar, a 14 cm ceramic block, 15 mm cement
mortar, white paint, a 70 mm concrete raft foundation, 3 mm clear single glazing, and a
roof composed of a 1 cm PVC ceiling, an air cavity greater than 5 cm, and ceramic roof tiles.
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For Belém, the lowest cost solution presented the same constructive configuration
observed in Catalão, with a wall composed of white paint, 15 mm cement mortar, a 14 cm
ceramic block, 15 mm cement mortar, white paint, a 70 mm concrete raft foundation floor,
3 mm clear single glazing, a roof formed by a 1 cm PVC ceiling, an air cavity greater than
5 cm, and ceramic roof tiles, resulting in a total cost of R$ 4848.46. On the other hand,
the highest cost solution reached R$ 7962.10, consisting of a 10 cm solid concrete wall with
white paint on both faces, a 70 mm concrete raft foundation, a window system with 8 mm
laminated clear glass, a roof composed of a 10 cm solid slab, an air cavity greater than 5 cm,
and ceramic roof tiles.

In the case of Curitiba, the lowest cost solution presented a total value of R$ 4950.32,
composed of a wall with white paint, 15 mm cement mortar, a 14 cm ceramic block, 15 mm
cement mortar, white paint, an 80 mm concrete raft foundation floor, a window system
with 3 mm clear single glazing, a roof composed of a 1 cm PVC ceiling, an air cavity greater
than 5 cm, and ceramic roof tiles. The highest cost combination reached R$ 7823.16 and
consisted of a wall with white paint, 30 mm cement mortar, a 14 cm concrete block, 30 mm
cement mortar, white paint, an 80 mm concrete raft foundation, 3 mm clear single glazing, a
roof composed of a 10 cm solid slab, an air cavity greater than 5 cm, and a metal roof tile
with 4 cm polyurethane insulation.

These results demonstrate that different combinations of construction materials can
meet the specific climatic conditions of each location, resulting in solutions that balance
thermal performance and construction cost.

In terms of thermal comfort, substantial variability is observed among cities. For in-
stance, Recife achieved 77.34% of annual comfort hours, whereas São Paulo reached 54.43%.
Similarly, Catalão and Belém achieved 87.17% and 82.16%, respectively. These results
demonstrate that, even under comparable cost constraints, thermal performance varies
significantly with local climatic conditions, reinforcing the importance of climate-adapted
design solutions.

Beyond city-specific analyses, a global assessment was performed by aggregating all
optimized construction solutions to identify the most frequently selected decision variables.
Specifically, the recurrence of wall systems (x1), Raft configurations (x2), window glazing
types (x3), and roof systems (x4) was analyzed. Figure 7 presents the frequency distribution
of these variables, revealing the selection patterns favored by the optimization algorithm.

In the horizontal axis of each graph, the values represent the identification number
(ID) of each construction configuration considered in the optimization process rather than
a physical measurement unit. Each ID corresponds to a specific design alternative defined
in the study. Detailed descriptions of these configurations are provided in Tables A1–A4 of
Appendix A.

Among the decision variables, wall systems exhibited the greatest dispersion in con-
struction combinations, indicating a strong sensitivity of the vertical envelope to thermal
boundary conditions. The histogram highlights the predominance of combinations 0 and
53, corresponding, respectively, to a 10 cm solid concrete wall with white paint, and to a
composite wall consisting of cement plaster (15 mm), ceramic block (14 cm), cement plaster
(15 mm), and white paint.

The first solution, characterized by a solid concrete wall, exhibits high thermal mass,
providing greater heat storage capacity and attenuating diurnal temperature fluctua-
tions—particularly suitable for regions with high thermal amplitude. In contrast, combi-
nation 53 has moderate thermal inertia and lower heat storage capacity, enabling a faster
thermal response and lower construction costs.
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(a) (b)

(c) (d)

Figure 7. Frequency distribution of selected construction component IDs: (a) wall types; (b) raft
foundations; (c) glass types; (d) roof configurations.

Raft solutions exhibited low variability, with a strong predominance of combination 0
(70 mm concrete slab) and occasional selection of combination 1 (80 mm slab). This stability
indicates that ground-floor systems exerted limited influence on thermal performance, due
to reduced heat exchange between the building and the soil.

Window glazing showed an intensely concentrated distribution, with most solutions
adopting combination 0, corresponding to 3 mm clear single glazing. Limited occurrences of
combination 3, representing 8 mm laminated clear glass, were observed. This predominance
suggests that variations in glazing type had a comparatively minor impact on overall
thermal performance, especially for small-scale residential buildings with limited window-
to-wall ratios.

Roof systems exhibited greater variability compared to other decision variables, al-
though combinations 0 and 9 were dominant. Both configurations consist of a 10 cm
solid concrete slab, an air cavity exceeding 5 cm, and a 0.8 cm fiber-cement roofing tile.
The primary differences between these solutions lie in the optical properties of the external
layer, such as solar reflectance and emissivity, which were adjusted according to local
climatic characteristics.

This variability confirms that the roof system plays a central role in controlling the
building’s thermal performance. In hot, humid climates, solutions favored high-reflectance
surfaces and ventilated roof assemblies to reduce direct solar heat gain. Conversely, at high
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altitude or in cooler temperatures, configurations with lower thermal transmittance and
greater heat-loss resistance were preferred.

4.2. Operative Temperature Assessment

Overall, the dispersion of operative temperature values of the optimized solutions
over the 8760 annual simulation hours, as a function of outdoor air temperature, clearly
reflects the dominant influence of climatic conditions on building thermal performance.
To illustrate these operative behaviors, Figure 8a–d present the lowest- and highest-cost
solutions for Belém and Curitiba, cities located in contrasting climatic regions of Brazil.

(a) (b)

(c) (d)

Figure 8. Acceptable operative temperature ranges for naturally conditioned environments for Belém
and Curitiba. (a) Belém: Lower-cost; (b) Belém: Higher-cost; (c) Curitiba: Lower-cost; (d) Curitiba:
Higher-cost.

In Belém, the primary challenge is persistent overheating, resulting in elevated indoor
operative temperatures throughout most of the year. In contrast, Curitiba is characterized
by predominantly low temperatures, which require greater thermal retention capacity.
The corresponding graphs highlight the wide range of internal temperatures and demon-
strate how climatic conditions govern indoor thermal behavior.
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4.3. Study Limitations

While the proposed framework demonstrates clear utility as a decision-support tool
for passive envelope design in social housing, certain methodological limitations must be
acknowledged to contextualize the results properly.

The reference building is a highly simplified single-room prototype of 14 m2, with a
fixed north-facing orientation, a standard fixed-occupancy schedule, i.e., nighttime residen-
tial presence, and no internal heat gains from occupants or appliances. Empirical evidence
indicates that 29% of residents in Brazilian multifamily housing are fully absent during
working hours, while 26% remain home all day and 25% return for lunch [61]. In addition,
since lower-income occupants rely predominantly on passive adaptive strategies [62,63],
the impact of daytime presence on active conditioning demand is partially attenuated for
the social housing population studied. Such an abstraction, while appropriate for compara-
tive optimization across climatic zones, does not capture the full thermal complexity of real
social housing units, which typically involve multi-room layouts, spatial zoning, diverse
occupant behaviors, and variable ventilation patterns.

The fixed solar orientation, in particular, may systematically favor or penalize cer-
tain envelope configurations depending on the city’s solar path, and results should be
interpreted with this constraint in mind. Moreover, the optimization was performed inde-
pendently for each location, without accounting for multi-zone thermal interactions that
would be present in attached or multi-story housing typologies.

Thermal comfort was assessed relying on the ASHRAE 55 adaptive model based
on operative temperature, which was selected for its suitability in naturally ventilated
spaces. However, the latter model carries inherent applicability boundaries that must
be critically acknowledged. First, the model is formally valid only when the prevailing
mean outdoor temperature, tpma(out), falls within the range of 10 °C to 33.5 °C. In Belém,
where ambient temperatures frequently approach or exceed the upper boundary of this
range, the adaptive comfort assessment may be operating near the edge of the model’s
validity domain, potentially leading to an underestimation of thermal discomfort during
peak periods. Second, the adaptive model does not explicitly account for relative humidity,
air velocity distribution, variability in clothing insulation, or metabolic rate, all of which
are often recognized as determinants of thermal sensation in hot-humid tropical climates.
As a result, the comfort hours reported for cities such as Belém and Recife should be
interpreted as estimates derived under idealized conditions rather than strict predictions of
occupant satisfaction. Future work should consider integrating humidity-adjusted comfort
indices, such as the Predicted Mean Vote (PMV) or the Standard Effective Temperature
(SET), particularly for the humid tropical climatic zones covered in the study.

The simulations were conducted exclusively using present-day EnergyPlus Weather
files (EPW) sourced from the INMET database, which represent historical climatic condi-
tions. No future climate projections under IPCC scenarios (e.g., SSP2-4.5 or SSP5-8.5) were
incorporated into the optimization framework. Brazil is projected to experience significant
increases in mean temperature [64], more frequent and intense heatwaves [65,66], and al-
tered precipitation patterns over the coming decades [67]. As a consequence, the optimal
envelope configurations identified in this study may exhibit reduced thermal performance
under future mid- and long-term climatic conditions [68], thereby increasing comfort
deficits over their service life. This represents a meaningful limitation of the present analy-
sis and strongly motivates the incorporation of morphed or synthetic future weather files
as a priority for subsequent research.
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5. Conclusions
This study investigated how selecting construction materials can reduce thermal

discomfort in residential buildings, emphasizing performance-based decision-making
during the early design stages. By integrating dynamic thermal simulations in EnergyPlus
with automated Python workflows, the research demonstrated that material properties
and envelope configurations directly influence indoor thermal conditions and annual
comfort outcomes.

The results confirm that bioclimatic design principles are not climate-specific prescrip-
tions but a flexible set of strategies that can be adapted to different environmental contexts
when grounded in local climatic conditions. Decisions related to envelope composition,
particularly walls, roofs, glazing, and surface finishes, were shown to have a direct and
significant impact on the number of hours of thermal discomfort.

The analysis further highlighted that improved thermal performance does not nec-
essarily require radical architectural innovation. Instead, the intelligent adaptation of
conventional construction systems through optimized combinations of materials, appro-
priate use of thermal mass and insulation, and climate-responsive surface properties can
substantially enhance indoor comfort while maintaining economic feasibility.

Beyond the performance outcomes, the proposed methodology proved effective as
a decision-support tool for the design process. The automation of large-scale simulation
scenarios enabled systematic, reliable comparisons among construction alternatives, pro-
viding actionable insights for performance-oriented design. This approach aligns with
performance-based regulatory frameworks and supports more informed, transparent,
and technically grounded decision-making in residential projects.

Several directions remain open for future investigation. First, the reference proto-
type considered here, i.e., a single-room unit of 14 m2, could be extended to multi-room
and full housing-unit layouts to assess how spatial configuration interacts with envelope
performance. Second, and most critically, given the limitation highlighted in Section 4,
future work should incorporate projected climate data under different IPCC scenarios
(e.g., SSP2-4.5 and SSP5-8.5) to evaluate the long-term resilience of the optimized solutions
and their adaptability to anticipated climatic shifts. Third, active conditioning strategies,
cross-ventilation schedules, and shading devices could be introduced as additional decision
variables, broadening the design space beyond passive envelope choices. Future work
should also evaluate the sensitivity of Pareto-optimal envelope configurations to diverse
occupancy profiles, incorporating schedules representative of households with elderly
occupants, children, or home-based workers. Finally, replacing EnergyPlus simulations
with surrogate machine learning models, such as gradient boosting regressors or neural net-
works trained on the existing simulation dataset, could substantially reduce computational
overhead, enabling higher-resolution Pareto analyses and broader geographic coverage
across Brazilian climatic zones.
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Appendix A
This appendix provides a detailed description of the construction assemblies and cost

information adopted in the simulations. Tables A1–A4 present the complete set of wall,
roof, radier, and window glazing configurations derived from the base material properties
summarized in Table 2.

For transparency and reproducibility, all cost values reported in the appendix are ex-
pressed in Brazilian currency (BRL) and correspond to reference prices commonly adopted
in the national construction sector.

Table A1. Wall construction compositions and their costs.

ID Exterior Paint Exterior Coating Block Interior Coating Interior Paint Total Cost (R$)

0 White Paint - Solid Concrete 10 cm - White Paint 4202.92
1 White Paint - Solid Concrete 10 cm Gypsum Mortar 5 mm White Paint 4954.01
2 White Paint - Solid Concrete 10 cm Gypsum Mortar 8 mm White Paint 5155.58
3 White Paint - Solid Concrete 10 cm Gypsum Mortar 10 mm White Paint 5357.15
4 White Paint - Solid Concrete 12 cm - White Paint 4847.51
5 White Paint - Solid Concrete 12 cm Gypsum Mortar 5 mm White Paint 5598.60
6 White Paint - Solid Concrete 12 cm Gypsum Mortar 8 mm White Paint 5800.17
7 White Paint - Solid Concrete 12 cm Gypsum Mortar 10 mm White Paint 6001.75
8 White Paint Cement Mortar 15 mm Ceramic Block 9 cm Gypsum Mortar 5 mm White Paint 4627.21
9 White Paint Cement Mortar 15 mm Ceramic Block 9 cm Gypsum Mortar 8 mm White Paint 4828.78
10 White Paint Cement Mortar 15 mm Ceramic Block 9 cm Gypsum Mortar 10 mm White Paint 5030.35
11 White Paint Cement Mortar 25 mm Ceramic Block 9 cm Gypsum Mortar 5 mm White Paint 4896.55
12 White Paint Cement Mortar 25 mm Ceramic Block 9 cm Gypsum Mortar 8 mm White Paint 5098.12
13 White Paint Cement Mortar 25 mm Ceramic Block 9 cm Gypsum Mortar 10 mm White Paint 5299.69
14 White Paint Cement Mortar 30 mm Ceramic Block 9 cm Gypsum Mortar 5 mm White Paint 5024.80
15 White Paint Cement Mortar 30 mm Ceramic Block 9 cm Gypsum Mortar 8 mm White Paint 5226.38
16 White Paint Cement Mortar 30 mm Ceramic Block 9 cm Gypsum Mortar 10 mm White Paint 5427.95
17 White Paint Cement Mortar 15 mm Ceramic Block 9 cm Cement Mortar 15 mm White Paint 4280.13
18 White Paint Cement Mortar 15 mm Ceramic Block 9 cm Cement Mortar 25 mm White Paint 4549.47
19 White Paint Cement Mortar 15 mm Ceramic Block 9 cm Cement Mortar 30 mm White Paint 4677.72
20 White Paint Cement Mortar 25 mm Ceramic Block 9 cm Cement Mortar 15 mm White Paint 4549.47
21 White Paint Cement Mortar 25 mm Ceramic Block 9 cm Cement Mortar 25 mm White Paint 4818.80
22 White Paint Cement Mortar 25 mm Ceramic Block 9 cm Cement Mortar 30 mm White Paint 4947.06
23 White Paint Cement Mortar 30 mm Ceramic Block 9 cm Cement Mortar 15 mm White Paint 4677.72
24 White Paint Cement Mortar 30 mm Ceramic Block 9 cm Cement Mortar 25 mm White Paint 4947.06
25 White Paint Cement Mortar 30 mm Ceramic Block 9 cm Cement Mortar 30 mm White Paint 5075.32
26 White Paint Cement Mortar 15 mm Ceramic Block 12 cm Gypsum Mortar 5 mm White Paint 3577.81
27 White Paint Cement Mortar 15 mm Ceramic Block 12 cm Gypsum Mortar 8 mm White Paint 3779.38
28 White Paint Cement Mortar 15 mm Ceramic Block 12 cm Gypsum Mortar 10 mm White Paint 3980.95
29 White Paint Cement Mortar 25 mm Ceramic Block 12 cm Gypsum Mortar 5 mm White Paint 3847.15
30 White Paint Cement Mortar 25 mm Ceramic Block 12 cm Gypsum Mortar 8 mm White Paint 4048.72
31 White Paint Cement Mortar 25 mm Ceramic Block 12 cm Gypsum Mortar 10 mm White Paint 4250.29
32 White Paint Cement Mortar 30 mm Ceramic Block 12 cm Gypsum Mortar 5 mm White Paint 3975.40
33 White Paint Cement Mortar 30 mm Ceramic Block 12 cm Gypsum Mortar 8 mm White Paint 4176.98
34 White Paint Cement Mortar 30 mm Ceramic Block 12 cm Gypsum Mortar 10 mm White Paint 4378.55
35 White Paint Cement Mortar 15 mm Ceramic Block 12 cm Cement Mortar 15 mm White Paint 3230.73
36 White Paint Cement Mortar 15 mm Ceramic Block 12 cm Cement Mortar 25 mm White Paint 3500.07
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Table A1. Cont.

ID Exterior Paint Exterior Coating Block Interior Coating Interior Paint Total Costs (R$)

37 White Paint Cement Mortar 15 mm Ceramic Block 12 cm Cement Mortar 30 mm White Paint 3628.32
38 White Paint Cement Mortar 25 mm Ceramic Block 12 cm Cement Mortar 15 mm White Paint 3500.07
39 White Paint Cement Mortar 25 mm Ceramic Block 12 cm Cement Mortar 25 mm White Paint 3769.40
40 White Paint Cement Mortar 25 mm Ceramic Block 12 cm Cement Mortar 30 mm White Paint 3897.66
41 White Paint Cement Mortar 30 mm Ceramic Block 12 cm Cement Mortar 15 mm White Paint 3628.32
42 White Paint Cement Mortar 30 mm Ceramic Block 12 cm Cement Mortar 25 mm White Paint 3897.66
43 White Paint Cement Mortar 30 mm Ceramic Block 12 cm Cement Mortar 30 mm White Paint 4025.92
44 White Paint Cement Mortar 15 mm Ceramic Block 14 cm Gypsum Mortar 5 mm White Paint 3486.01
45 White Paint Cement Mortar 15 mm Ceramic Block 14 cm Gypsum Mortar 8 mm White Paint 3687.58
46 White Paint Cement Mortar 15 mm Ceramic Block 14 cm Gypsum Mortar 10 mm White Paint 3889.15
47 White Paint Cement Mortar 25 mm Ceramic Block 14 cm Gypsum Mortar 5 mm White Paint 3755.35
48 White Paint Cement Mortar 25 mm Ceramic Block 14 cm Gypsum Mortar 8 mm White Paint 3956.92
49 White Paint Cement Mortar 25 mm Ceramic Block 14 cm Gypsum Mortar 10 mm White Paint 4158.49
50 White Paint Cement Mortar 30 mm Ceramic Block 14 cm Gypsum Mortar 5 mm White Paint 3883.60
51 White Paint Cement Mortar 30 mm Ceramic Block 14 cm Gypsum Mortar 8 mm White Paint 4085.18
52 White Paint Cement Mortar 30 mm Ceramic Block 14 cm Gypsum Mortar 10 mm White Paint 4286.75
53 White Paint Cement Mortar 15 mm Ceramic Block 14 cm Cement Mortar 15 mm White Paint 3138.93
54 White Paint Cement Mortar 15 mm Ceramic Block 14 cm Cement Mortar 25 mm White Paint 3408.27
55 White Paint Cement Mortar 15 mm Ceramic Block 14 cm Cement Mortar 30 mm White Paint 3536.52
56 White Paint Cement Mortar 25 mm Ceramic Block 14 cm Cement Mortar 15 mm White Paint 3408.27
57 White Paint Cement Mortar 25 mm Ceramic Block 14 cm Cement Mortar 25 mm White Paint 3677.60
58 White Paint Cement Mortar 25 mm Ceramic Block 14 cm Cement Mortar 30 mm White Paint 3805.86
59 White Paint Cement Mortar 30 mm Ceramic Block 14 cm Cement Mortar 15 mm White Paint 3536.52
60 White Paint Cement Mortar 30 mm Ceramic Block 14 cm Cement Mortar 25 mm White Paint 3805.86
61 White Paint Cement Mortar 30 mm Ceramic Block 14 cm Cement Mortar 30 mm White Paint 3934.12
62 White Paint Cement Mortar 15 mm Concrete Block 9 cm Gypsum Mortar 5 mm White Paint 3996.31
63 White Paint Cement Mortar 15 mm Concrete Block 9 cm Gypsum Mortar 8 mm White Paint 4197.88
64 White Paint Cement Mortar 15 mm Concrete Block 9 cm Gypsum Mortar 10 mm White Paint 4399.45
65 White Paint Cement Mortar 25 mm Concrete Block 9 cm Gypsum Mortar 5 mm White Paint 4265.65
66 White Paint Cement Mortar 25 mm Concrete Block 9 cm Gypsum Mortar 8 mm White Paint 4467.22
67 White Paint Cement Mortar 25 mm Concrete Block 9 cm Gypsum Mortar 10 mm White Paint 4668.79
68 White Paint Cement Mortar 30 mm Concrete Block 9 cm Gypsum Mortar 5 mm White Paint 4393.90
69 White Paint Cement Mortar 30 mm Concrete Block 9 cm Gypsum Mortar 8 mm White Paint 4595.48
70 White Paint Cement Mortar 30 mm Concrete Block 9 cm Gypsum Mortar 10 mm White Paint 4797.05
71 White Paint Cement Mortar 15 mm Concrete Block 9 cm Cement Mortar 15 mm White Paint 3649.23
72 White Paint Cement Mortar 15 mm Concrete Block 9 cm Cement Mortar 25 mm White Paint 3918.57
73 White Paint Cement Mortar 15 mm Concrete Block 9 cm Cement Mortar 30 mm White Paint 4046.82
74 White Paint Cement Mortar 25 mm Concrete Block 9 cm Cement Mortar 15 mm White Paint 3918.57
75 White Paint Cement Mortar 25 mm Concrete Block 9 cm Cement Mortar 25 mm White Paint 4187.90
76 White Paint Cement Mortar 25 mm Concrete Block 9 cm Cement Mortar 30 mm White Paint 4316.16
77 White Paint Cement Mortar 30 mm Concrete Block 9 cm Cement Mortar 15 mm White Paint 4046.82
78 White Paint Cement Mortar 30 mm Concrete Block 9 cm Cement Mortar 25 mm White Paint 4316.16
79 White Paint Cement Mortar 30 mm Concrete Block 9 cm Cement Mortar 30 mm White Paint 4444.42
80 White Paint Cement Mortar 15 mm Concrete Block 14 cm Gypsum Mortar 5 mm White Paint 4459.25
81 White Paint Cement Mortar 15 mm Concrete Block 14 cm Gypsum Mortar 8 mm White Paint 4660.82
82 White Paint Cement Mortar 15 mm Concrete Block 14 cm Gypsum Mortar 10 mm White Paint 4862.39
83 White Paint Cement Mortar 25 mm Concrete Block 14 cm Gypsum Mortar 5 mm White Paint 4728.59
84 White Paint Cement Mortar 25 mm Concrete Block 14 cm Gypsum Mortar 8 mm White Paint 4930.16
85 White Paint Cement Mortar 25 mm Concrete Block 14 cm Gypsum Mortar 10 mm White Paint 5131.73
86 White Paint Cement Mortar 30 mm Concrete Block 14 cm Gypsum Mortar 5 mm White Paint 4856.84
87 White Paint Cement Mortar 30 mm Concrete Block 14 cm Gypsum Mortar 8 mm White Paint 5058.42
88 White Paint Cement Mortar 30 mm Concrete Block 14 cm Gypsum Mortar 10 mm White Paint 5259.99
89 White Paint Cement Mortar 15 mm Concrete Block 14 cm Cement Mortar 15 mm White Paint 4112.17
90 White Paint Cement Mortar 15 mm Concrete Block 14 cm Cement Mortar 25 mm White Paint 4381.51
91 White Paint Cement Mortar 15 mm Concrete Block 14 cm Cement Mortar 30 mm White Paint 4509.76
92 White Paint Cement Mortar 25 mm Concrete Block 14 cm Cement Mortar 15 mm White Paint 4381.51
93 White Paint Cement Mortar 25 mm Concrete Block 14 cm Cement Mortar 25 mm White Paint 4650.84
94 White Paint Cement Mortar 25 mm Concrete Block 14 cm Cement Mortar 30 mm White Paint 4779.10
95 White Paint Cement Mortar 30 mm Concrete Block 14 cm Cement Mortar 15 mm White Paint 4509.76
96 White Paint Cement Mortar 30 mm Concrete Block 14 cm Cement Mortar 25 mm White Paint 4779.10
97 White Paint Cement Mortar 30 mm Concrete Block 14 cm Cement Mortar 30 mm White Paint 4907.36
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Table A2. Construction compositions of roofs and their costs.

ID Combination Description U (W/m2·K) CT (kJ/m2·K) α Cost (R$)

0 Solid slab 10 cm|Air chamber (>5.0 cm)|Fiber cement tile 0.8 cm 2.06 233 0.65 1511.03
1 Precast ceramic slab 12 cm| Air chamber (>5.0 cm)|Ceramic tile 1 cm 1.77 185 0.75 2734.90
2 Precast EPS slab 12 cm|Air chamber (>5.0 cm)|Ceramic tile 1 cm 1.26 150 0.75 2664.90

3 Solid slab 10 cm|Air chamber (>5.0 cm)|Metal tile with polystyrene (EPS)
4 cm 0.68 229 0.30 1866.42

4 PVC ceiling 1 cm|Air chamber (>5.0 cm)|Ceramic tile 1 cm 1.75 21 0.75 833.70
5 Plaster ceiling 3 cm|Air chamber (>5.0 cm)|Ceramic tile 1 cm 1.94 37 0.75 1041.46
6 Solid slab 10 cm|Air chamber (>5.0 cm)|Ceramic tile 1 cm 2.05 238 0.75 1511.03

7 Solid slab 10 cm|Air chamber (>5.0 cm)|Metal tile with polyurethane
4 cm 0.55 230 0.30 1938.10

8 Precast ceramic slab 12 cm|Air chamber (>5.0 cm)|Metal tile with
polystyrene 4 cm 0.64 176 0.30 3090.29

9 Precast ceramic slab 12 cm|Air chamber (>5.0 cm)|Metal tile 0.6 cm 1.80 169 0.30 2544.64
10 Precast EPS slab 12 cm|Air chamber (>5.0 cm)|Fiber cement tile 0.8 cm 1.26 145 0.65 3344.34
11 Precast EPS slab 12 cm|Air chamber (>5.0 cm)|Metal tile 0.6 cm 1.80 169 0.30 2474.64
12 Extensive green roof: Solid slab 10 cm|Dry clay soil 10 cm|Vegetation 2.18 363 0.70 2243.36
13 Extensive green roof: Precast slab 12 cm|Dry clay soil 10 cm|Vegetation 1.86 310 0.70 3467.23

Table A3. Concrete raft foundations and their costs.

ID Raft Thickness (mm) Cost (R$)

0 70 713.08
1 80 814.95
2 90 916.81
3 100 1018.68
4 110 1120.55
5 120 1222.42

Table A4. Window glazing configurations and their costs.

ID Glass Thickness (mm) U-Value (W/m2K) Solar Factor Cost (R$)

0 3 5.7 0.87 162.75
1 6 5.7 0.87 263.49
2 8 5.7 0.34 890.48
3 8 5.7 0.39 372.00
4 8 5.7 0.37 410.90
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